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ABSTRACT 
 
 
 

CHARACTERIZING THE GENETIC EVOLUTION OF ENDEMIC  

BLUETONGUE VIRUS STRAINS 
 
 
 

 Bluetongue virus is an arthropod-borne virus that can cause severe disease in susceptible 

animals. Transmitted by biting midges in the genus Culicoides, the bluetongue virus particle 

(genus Orbivirus, family Reoviridae) is composed of ten segments of double-stranded RNA 

enclosed by a bi-layered, icosahedral capsid. While both wild and domestic ruminants are 

capable of becoming infected with bluetongue virus, sheep are most likely to develop severe 

disease characterized by systemic vasculitis, edema, and coagulopathy.  

Due to its relatively unusual genome structure, bluetongue virus (BTV) is able to evolve 

via several key mechanisms, including via the accumulation of mutations over time, or more 

rapidly via reassortment of genome segments. Adding to this genetic complexity, bluetongue 

virus must maintain fitness in two very disparate hosts: the insect vector and the ruminant. While 

host-switching is widely accepted as an important aspect of bluetongue virus evolution, the 

specific features of viral adaptation in each host are poorly characterized. Limited field studies 

and experimental work from other labs have alluded to the presence of these phenomena at work 

in the evolutionary trajectory of bluetongue virus, but our overall understanding of the factors 

that drive or constrain this virus’s genetic diversification remains incomplete.  

In recent years, bluetongue virus has caused significant disease outbreaks among 

ruminants in enzootic regions, such as the U.S., as well as in areas where bluetongue virus was 

previously considered exotic, such as northern Europe. Various dynamics including vector range 
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expansion, movement of animals, virus evolution through reassortment and mutation, and 

environmental factors all may have an integral role in the occurrence of these outbreaks. Not 

only do bluetongue epizootics carry sometimes profound animal health consequences, but they 

are also associated with significant economic impacts due to production declines, costly efforts 

to contain disease spread, and trade restrictions. Collectively, our currently limited understanding 

of bluetongue virus ecology and evolution dramatically hinders our ability to predict and prevent 

the occurrence of epizootics associated with orbiviruses.  

As whole genome sequencing approaches have become increasingly available and 

affordable, these tools provide a uniquely valuable platform for interrogating underlying viral 

genetic factors associated with bluetongue disease incursions and outbreaks. Coupling applied 

fieldwork, in vitro, and in vivo studies with sequencing tools and bioinformatics, the work 

described in this dissertation seeks to address specific knowledge gaps surrounding bluetongue 

evolution in North America.  

In particular, we first queried how an alternating-host transmission cycle affects 

bluetongue’s genetic diversity using an in vitro system, where we leveraged whole genome 

sequencing and measures of population genetics to understand the role of viral mutation during 

BTV evolution. We found low rates of overall mutation, leading us to consider whether 

reassortment is a relatively greater contributor to bluetongue’s genetic diversity. Once again 

using an in vitro platform, we investigated reassortment frequency and segment-specific trends 

between two enzootic bluetongue virus strains. Our work demonstrated that global shifts in 

segment frequencies emerged across serial passages, possibly representing preferred reassortant 

segment combinations. However, most viral segments persisted – even if at very low levels – 

within the overall population from passage to passage. To better characterize these trends, and to 
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understand whether environmental factors such as temperature might affect their occurrence, we 

introduced these same viruses into Culicoides sonorensis midges – the predominant North 

American vector of bluetongue virus – and tracked virogenesis and reassortment across time at 

three different temperatures. Correlating with other studies, we found that higher temperatures 

were associated with more rapid virogenesis. However, we were surprised to find that one of the 

two virus strains replicated poorly in midges orally infected with biologically relevant titers, 

highlighting potential vector-based barriers to reassortment. Finally, we used whole genome 

sequencing to characterize circulating strains of bluetongue virus present in Colorado ruminants 

in 2015 and 2018. We found that numerous strains of bluetongue virus were present among 

sentinel animals, and that many isolates contained signatures of reassortment.  

Collectively, our findings demonstrate that reassortment among virus strains is a 

prominent feature of bluetongue viral evolution. Importantly, there appear to be preferred 

segment combinations that arise following coinfection, but vector-virus interactions seem to play 

a central role in modulating the ultimate emergence of reassortant viruses. These studies and 

others promise to improve our understanding of bluetongue’s evolution and ecology, ultimately 

contributing to the development of better predictive models and management strategies to reduce 

future impacts of bluetongue epizootics.  
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CHAPTER 1 – INTRODUCTION  
 

 

 

History of Bluetongue Virus 

 

 First described in South Africa at the turn of the 20th century, bluetongue virus remains 

an economically important, re-emerging disease with substantial animal health impacts. Its 

significance stems from its role as the etiologic agent behind recent devastating disease 

outbreaks among ruminants, coupled with its ongoing expansion into new regions. Bluetongue 

virus, or BTV, belongs to genus Orbivirus, family Reoviridae, and is composed of ten segments 

of double-stranded RNA (dsRNA) surrounded by a bi-layered viral capsid. Transmitted by 

hematophagous midges in the Culicoides genus (Diptera: Ceratopogonidae), BTV is the 

causative agent of bluetongue disease, which is characterized by vasculitis and associated 

sequelae in susceptible animals. Despite more than a century of research, significant knowledge 

gaps regarding BTV’s ecology and evolution persist, particularly in light of today’s accelerating 

climate crisis. The transformational advancement and widespread availability of whole genome 

sequencing and other novel sequencing technologies offers an essential tool to explore and better 

understand the evolutionary dynamics of this segmented dsRNA arbovirus.  

 BTV is believed to have circulated subclinically among ruminants in sub-Saharan Africa 

long before bluetongue disease was first noted in imported Merino sheep in South Africa in the 

late 1800s.1,2 Characterized by lameness and mouth lesions in the imported animals, the disease 

was initially simply termed “fever” or “epizootic cattarh,” but later was given the name 

“bluetongue” for its association with cyanosis of the tongue and mucous membranes.3–5 Theiler 

subsequently determined that this disease was caused by a virus or a “filterable agent” in 1906.6 

While it was circumstantially suspected early on that bluetongue virus was an insect-transmitted 
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disease, du Toit definitively demonstrated this was the case in 1944 when wild-caught Culicoides 

imicola – now known to be the key BTV vector in Africa and Asia – were macerated, filtered, 

and inoculated into sheep that subsequently developed bluetongue disease.7 Du Toit also was 

able to demonstrate that C. imicola was a biological vector for the virus by carrying out 

transmission experiments from midges to sheep.7  

 Early attempts to control BTV via vaccination with an attenuated virus (generated 

through repeated passages in sheep) led to the discovery that multiple virus strains, or serotypes, 

existed.8,9 While animals exhibited lifelong protection against the specific strain used in vaccine 

preparations, it was soon discovered that these vaccines did not protect against all field isolates 

of BTV. Defined by the vertebrate host’s immune response to the BTV VP2 outer capsid protein, 

viral serotype is still used today to classify strains of bluetongue virus. At least 29 serotypes of 

BTV have been described to date, with various serotypes circulating regionally. Importantly, as 

early findings demonstrated, antibodies that develop in response to infection with one serotype of 

BTV are generally not cross-protective against other serotypes.10,11 Hence, the introduction of 

novel BTV serotypes even to enzootic areas poses a concern in terms of animal health risk. 

 Bluetongue virus was largely believed to be confined to Africa until mid-century, when 

several reports of bluetongue-like disease emerged in other regions including Cyprus, the United 

States, and the Iberian Peninsula.12–15 These disease outbreaks often had profound consequences 

and high mortality rates; nearly 180,000 sheep died in Spain and Portugal during the Iberian 

Peninsula epizootic.15  

BTV was first detected in the U.S. in clinically affected sheep in Texas and California in 

1952, where it was coined “soremuzzle,” prior to its positive identification as bluetongue 

virus.13,14 The detection of BTV outside of Africa in combination with the significant animal 
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health consequences associated with these outbreaks led the World Organisation for Animal 

Health (Office International des Epizooties, OIE) to make bluetongue infection a listed disease in 

the 1960s.  

Bluetongue Virus Today: Expansion and Epizootics 

 Today, BTV has been detected on all continents except Antarctica.16 Its range is defined 

by the presence of competent vector species and is classically considered to exist between 35°S 

to 40°N.17 However, numerous reports in recent years indicate that this canonical distribution no 

longer captures the true range of BTV, likely reflecting viral evolution, vector expansion, long-

distance dispersion of vectors, and animal movement, among other factors.1,18,19  

 Several high-profile, economically devastating epizootics have occurred in the last 15 

years, highlighting the ability of bluetongue virus to cause explosive outbreaks of disease with 

little warning. Perhaps most notable among these recent events was the BTV-8 epizootic that 

occurred in 2006 and 2007 in Northern Europe, representing remarkable expansion of 

bluetongue virus to 58°N.20 Not only was BTV infection associated with disease in sheep, but 

illness was also noted in other ruminant species that rarely demonstrate signs of BTV infection, 

such as cattle and goats.21,22 Moreover, transplacental infection and transmission of BTV – 

usually an phenomenon confined to the use of live attenuated vaccine strains at certain points of 

gestation – was a common occurrence during this epizootic.23,24 Collectively, animal losses, 

production declines, and restrictions in trade resulted in a cost of over 150 million € in the initial 

years of the outbreak.25,26  

Even in enzootic regions such as the U.S., outbreaks of orbiviral disease have occurred 

with relative frequency in the last two decades. In 2007, 2012, and 2015, BTV and epizootic 

hemorrhagic disease virus (EHDV) – a closely related orbivirus – caused significant disease in 
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domestic and wild ruminants across the U.S.27–30 Numerous reports worldwide indicate that non-

enzootic serotypes are increasingly being identified in otherwise BTV-enzootic regions, although 

whether these strains become persistently established remains to be seen. At least in the United 

States, incursive BTV serotype 3 appears to have become widespread across the country, with 

recurrent detections in many states in the last decade.31–33 

Infection and Pathology 

Bluetongue disease most commonly occurs in susceptible sheep breeds – generally 

considered to be those of European origin, which are widely produced throughout the world. The 

virus preferentially replicates in endothelial cells and mononuclear phagocytes, as well as 

lymphocytes.34,35 After initial replication, virus is highly associated with red blood cells and 

platelets, resulting in a prolonged viremia.34,36 Affected animals develop a range of signs 

secondary to systemic vasculitis: coronitis and laminitis, mucosal erosions, myonecrosis, 

subcutaneous and fascial edema, gastrointestinal ulceration, pulmonary edema, pericardial 

effusion, hemorrhage, ecchymoses and petechiae, and coagulopathy, among other 

features.22,34,37–39 Animals may present with lameness, swelling of the face/ears and distal limbs, 

ulcerations on the lips and nose, mucopurulent nasal discharge, fever, and dyspnea. Morbidity 

and mortality rates vary markedly depending on an infected animal’s species and breed, as well 

as its immune status, the viral strain, and various environmental factors. Reproductive sequelae 

may also occur in infected or recovering animals, with abortions and fetal hydranencephaly 

occurring in pregnant animals, and testicular degeneration and infertility arising in males.40–42 

Disease tends to be subclinical or less explosive in areas where BTV is enzootic. Many 

ruminant species have been demonstrated to become infected with BTV, although disease is not 

necessarily a common occurrence. Cattle and goats generally remain subclinical for infection, 
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and cattle are considered to be a potential reservoir host for BTV. South American camelids are 

susceptible to severe bluetongue disease, as well as many wildlife species, including bighorn 

sheep, white-tailed deer, and pronghorn in North America.43–48 BTV infection may result in acute 

death in white-tailed deer and pronghorn. Worldwide, studies have indicated that most large 

herbivores are susceptible to infection with BTV; dromedaries, water buffalo, bison, kudu, elk, 

antelope, and others all have demonstrated seropositivity to BTV.2 Dogs and wild carnivores also 

are occasionally infected with bluetongue virus, either through consumption of infected meat or 

vaccine contamination with improperly inactivated fetal bovine serum.49–51 The role that these 

species play in this BTV’s epidemiology remains poorly understood.  

Vector Distribution and Ecology 

While BTV is occasionally transmitted horizontally and vertically in vertebrate hosts, the 

vast majority of BTV transmission occurs via the bite of an infected female midge of the genus 

Culicoides. Of ~1,400 species of Culicoides distributed worldwide, only approximately 30 

species have been demonstrated to be biological vectors for BTV.52–54 Culicoides sonorensis is 

the predominant vector in North America, with C. insignis playing a lesser role due to its 

geographic constraint to the southeastern portions of the United States.17 C. insignis is the key 

BTV vector in Central and South America and appears to have an increasing range in the U.S.55 

In Africa and western Asia, C. imicola has been incriminated as the major biological vector of 

BTV, while C. brevitarsis and C. wadai are known to transmit the virus in central and east Asia, 

as well as Australia.17,56 In Europe, the C. obsoletus complex – composed of several closely 

related species of Culicoides – is primarily responsible for BTV transmission.25 Importantly, 

numerous other species of Culicoides may also be competent for various strains of BTV, but 

robust information on the distribution and competence of many of these various species is 
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lacking. Moreover, as climate change advances, the range of these vectors is expected to expand, 

as has been seen in North America and the Mediterranean.55,57,58  

Culicoides midges also serve as biological vectors for several other viruses with 

significant animal or human health impacts, including orbiviruses such as epizootic hemorrhagic 

disease virus (EHDV), African horse sickness virus (AHSV), and equine encephalosis virus 

(EEV); orthobunyaviruses such as Schmallenberg virus, Akabane virus, and Oropouche virus; 

and rhabdoviruses including bovine ephemeral fever virus. The interactions that occur when 

these viruses co-infect a single midge remain poorly characterized, although various studies have 

demonstrated that midges can be infected with more than one strain of bluetongue virus and may 

subsequently transmit more than one virus during blood-feeding on a susceptible animal.59 These 

potential interactions – both between co-infecting viruses and the vector’s response to each virus 

– have widespread implications for the epidemiology, evolution, and ecology of Culicoides-

borne viruses.  

Viral Structure, Function, and Replication 

When considering the evolution of BTV, it is informative to first understand the genetic 

composition of this virus. Bluetongue and other viruses in the family Reoviridae possesses a 

relatively unusual genome structure, carrying from 10-12 linear segments of double-stranded 

RNA (dsRNA) depending on the viral species. BTV itself contains ten segments of dsRNA, 

which range from 822 base pairs (segment 10) in length to 3954 base pairs (segment 1). Of the 

viruses belonging to family Reoviridae, only those within the genus Orbivirus are vector-borne. 

The BTV virion is non-enveloped. Structural studies have demonstrated that BTV is composed 

of a bi-layered capsid that surrounds ten segments of dsRNA.60 The dsRNA segments in the viral 

core are associated with three key structural proteins: the RNA-dependent RNA polymerase 
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(VP1, encoded by segment 1), the viral capping protein (VP4, encoded by segment 4), and the 

RNA helicase (VP6, encoded by segment 9).61 Viral entry is mediated by VP2 (segment 2) and 

VP5 (segment 6), the two outer capsid proteins. VP2 is the receptor-binding protein and enables 

clathrin-mediated endocytosis, while the pH-sensitive VP5 protein is responsible for membrane 

fusion in the late endosome that allows ejection of the BTV inner core particle into the 

cytoplasm.62,63 The inner capsid, composed of VP7 (segment 7) and VP3 (segment 3), forms an 

icosahedral structure that is sensitive to the presence of magnesium and NTPs, which promote a 

shift in arrangement that allows for the release of viral mRNAs into the cellular milieu, 

beginning the process of viral protein synthesis and replication.60,64 Single-stranded positive-

sense RNAs function as both the template for genome replication (i.e., the synthesis of the 

complementary, negative-sense RNA strand), as well as the translation of viral proteins.65 Non-

structural proteins NS1 (segment 5) and NS2 (segment 8) play an important role during viral 

translation and assembly; NS1 forms microtubules and specifically enhances the translation of 

viral proteins, and NS2 is the key component of viral inclusion bodies (VIBs) that recruit viral 

genomic RNAs and proteins to facilitate viral particle assembly.66–69 NS3 (segment 10) and a 

truncated version of this same protein – NS3a – are associated with viral egress from the cell. 

NS3a is translated from a slightly downstream start site from that of the NS3 protein and is the 

major viral egress protein produced in Culicoides cells.65,70 Viral egress is non-lytic in Culicoides 

cells and lytic in mammalian cells, but the exact mechanism by which this occurs is not fully 

understood. It is likely that there is some degree of non-lytic viral budding that occurs early in 

infection in mammalian cells.65 Only discovered relatively recently, NS4 is an interferon 

antagonist (segment 9).71  
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Single-stranded viral RNAs (ssRNA) are recruited to VIBs during the assembly process. 

As a multi-segmented virus, BTV reportedly uses a highly ordered process to ensure all ten 

segments are properly incorporated into each virion.65 Once all ten ssRNAs are integrated in 

nascent virions, capsid assembly and reverse transcription may occur. BTV dsRNA replication, 

like that of related viruses, is conservative.61,72 Conserved untranslated regions (UTRs) at the 3’ 

and 5’ end of each segment are essential for mediating sequential recruitment of ssRNAs.73–76 

The 3’ UTR of segment 10 is especially instrumental in this process and triggers the proper 

secondary conformational structures of subsequent segments to allow proper interactions.73 The 

smallest segments (segments 7-9) are recruited first, followed by segments 4-6, and finally 

segments 1-3.60 Once viral cores are equipped with a complete set of genome segments, the 

nascent BTV particle is released from VIBs following NS2 phosphorylation, and acquires the 

VP2 and VP5 outer protein layer as it exits.60,77  

Bluetongue Virus Evolution  

While the field of viral evolution is a robust and ever-growing area of research, two main 

considerations are essential to discuss when specifically considering bluetongue virus. First, 

BTV’s vector-borne nature plays an important role in its overall evolutionary trajectory. Second, 

BTV’s segmented, RNA genome is a defining characteristic for its genetic diversification. While 

many features of BTV are well-characterized, there are gaps in our understanding of BTV 

evolution that are underscored by the recent incursions of BTV into new regions, and the 

introduction of novel serotypes into otherwise enzootic areas. These developments require an 

understanding of many contributing dynamics, including environmental conditions, ruminant and 

vector ecology, host community structure, immunity in the vertebrate and invertebrate host, 

anthropogenic factors such as management and preventive strategies, and viral evolution. Here, 
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we focus on the knowns and unknowns of BTV evolution – with the caveat that viral evolution is 

inextricably linked to numerous selection pressures and exogenous factors beyond the realm of 

this introduction.  

Evolution of RNA Viruses: Underlying Concepts 

Transcribed via an RNA dependent RNA polymerase, which – in contrast to DNA 

polymerase – does not possess proofreading ability, many RNA viruses demonstrate an 

inherently high mutation rate.78–81 The rapid generation of many progeny viruses with mutations 

in their genomes is believed to be an important part of the RNA virus’s evolutionary 

repertoire.79,82,83 Replicating at very high rates, RNA viruses such as poliovirus, vesicular 

stomatitis virus, foot-and-mouth disease virus, and others generate massive populations of viral 

progeny that possess numerous low-frequency mutations.84–87 RNA viruses are often described 

as approaching the point of extinction or lethality because of their extreme mutation rate.88–91 

However, RNA viruses are believed to preserve fitness by maintaining an optimal balance 

between rate of mutation and population size, allowing for rapid adaptation to new fitness 

landscapes.79,82,92 This concept is captured by the terms “viral quasispecies” and “mutant 

swarm,” which are used to characterize both the genetic diversity and the vast number of virions 

produced during infection. Quasispecies theory posits that high mutation rates and the generation 

of viral swarms are evolutionarily beneficial for ultimate phenotypic flexibility. The spectrum of 

mutant viruses is considered in many ways to be its own evolutionary entity: selection pressures 

are exerted on the entire viral ensemble, with complementation, interference, and recombination 

amongst viruses ultimately shaping the swarm’s overall fitness.79 

Several theories have been proposed to describe underlying mechanisms that may drive 

this phenomenon. Mutational robustness is one explanation for the presence of viral 



10 
 

quasispecies; while redundancy and gene duplication serve to reduce the effect of deleterious 

mutations in higher-complexity organisms, a single mutation in a viral genome may be lethal.93 

Viral swarms may serve this same function, providing a rescue mechanism for high mutation 

rates.94,95 Others have proposed that quasispecies allow virus populations to occupy neutral or 

flat fitness landscapes.96,97 In this framework, populations with high, but narrow, fitness peaks 

(i.e., populations of virus that are highly fit but also highly similar) are less capable of 

withstanding mutation, compared to broad, low peaks (i.e., populations of viruses that may be 

individually less fit, but are also more diverse).95  

In contrast, some have argued that high mutation rates in RNA viruses, such as 

poliovirus, are the evolutionary byproduct or fitness trade-off for rapid viral replication speeds.98 

Most mutations are deleterious, so it stands to reason that an RNA polymerase capable of higher 

fidelity replication would eventually evolve; however, this has not been demonstrated to 

occur.91,99,100 Using a mutant poliovirus strain with an anti-mutator phenotype (apparently 

conferred by a single mutation in its RNA polymerase), Fitzsimmons et al. demonstrated that the 

reduced fitness of this virus was directly related to its slower speed of replication.98 Fitzsimmons 

et al. concluded that speedy replication – with lower rates of replication fidelity – may be an 

acceptable trade-off for poliovirus and other RNA viruses, as it is difficult “to be both fast and 

accurate.” 98 Other work has suggested similar paradigms with different organisms.101,102  

Arbovirus Evolution 

Compared to non-vector transmitted viruses, arboviruses demonstrate relatively stable 

genomes with lower mutation rates than expected, particularly for RNA viruses.103–105 This is 

suspected to occur due to increased purifying selection exerted by the rigors of maintaining 

fitness in two highly disparate host systems – vertebrate and invertebrate. Using experimental 
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systems, varying results have been found using alphaviruses and flaviviruses in both in vitro and 

in vivo systems that recapitulate arbovirus transmission cycles.106–111 Studies with Venezuelan 

equine encephalitis virus (VEEV), an alphavirus, showed increases in viremia in either the insect 

or vertebrate host when virus was released from replication in the opposite host, compared to 

when the virus was passaged alternatingly.109 Similar findings have been described for other 

alphaviruses (chikungunya virus) and flaviviruses such as West Nile virus (WNV), dengue virus, 

and others.103,112–114 Studies have suggested that purifying selection is especially driven by the 

vertebrate host, although additional work also supports the fact that both the vertebrate and 

invertebrate host species plays an instrumental role in the overall evolution of these 

arboviruses.103,112,115,116  The multi-vector, multi-vertebrate ecology and transmission cycles of 

many arboviruses, including bluetongue virus, warrant further investigation to better understand 

host-imposed evolutionary pressures.  

Repeated bottlenecks occur during viral replication in the arthropod vector, driving 

successive contractions and expansions in viral populations in the process of overcoming 

infection barriers. In mosquitoes and Culicoides, multiple barriers to arboviral infection and 

dissemination exist, including the mesenteron infection barrier, the mesenteron escape barrier, 

the salivary gland infection barrier, and the salivary gland escape barrier.117–119 While salivary 

gland infection and escape barriers are reported to not exist in Culicoides midges, a 

“dissemination barrier” is believed to occur in these vectors.117  

Work with Zika virus, West Nile virus, and related arboviruses using barcoded viruses or 

virus clones have characterized the impact of bottlenecks on viral populations in insect 

hosts.115,120–122 These studies have demonstrated that repeated bottlenecks shape viral populations 

during infection in the insect vector. Due to the small volume of blood that vectors ingest during 
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blood feeding, insects are only exposed to a relatively low number of viruses when taking an 

infectious blood meal. Culicoides midges have been shown to take a blood meal volume of 

approximately 0.1 – 1 µL.123 Viral titer in the blood, therefore, plays an instrumental role in the 

probability of infection, with higher titers associated with greater likelihood of successful 

infection of the vector.122 Forrester et al. used FST to demonstrate that mosquitoes orally infected 

with a high titer of VEEV did not have evidence of a significant bottleneck during midgut 

infection.122 However, when a more biologically relevant dose was used (4.9 log10 pfu/ml) for 

oral infection, a very strong midgut infection bottleneck occurred, with only 1.9 (±2.6) virions 

estimated to have initiated midgut infection. Based on simple odds, it is expected that only high 

frequency variants would be likely to cross the midgut infection barrier in this circumstance, 

unless a significant fitness advantage was conferred by an otherwise low-frequency mutant. In 

contrast to the multiple bottlenecks evident during vector infection, a transmission bottleneck 

was not detected when VEEV-infected mosquitoes were fed back on mice.122   

Not only do infection and escape barriers and virus titer play an important role in the 

occurrence of population bottlenecks, but other factors such as RNA interference (RNAi) – 

which is known to occur in Culicoides midges – are also likely to contribute to viral population 

divergence in the invertebrate host.121,124–127  

Bluetongue Virus: Host-Switching and Intrahost Diversity 

Preliminary work with bluetongue virus has demonstrated that some of the arboviral 

evolutionary features described above are similarly applicable to orbivirus evolution. Early on, 

various groups used electropherotype to characterize the genetic heterogeneity of bluetongue 

virus, but unfortunately these works are difficult to relate to our understanding of BTV evolution 

today due to relatively poor genomic resolution provided by these early methods. With the 
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advent of modern sequencing techniques, additional approaches to better understand BTV 

genetic diversification have become readily available. However, only a few studies have 

investigated how BTV’s alternating host transmission cycle affects its evolution.  

Bonneau et al. used Culicoides sonorensis midges and domestic ruminants to recapitulate 

the natural transmission cycle of BTV.128 A plaque-purified field isolate of BTV was used to 

orally infect C. sonorensis midges, which then fed on sheep and cattle across three transmission 

cycles. BTV was then plaque-isolated from ruminant blood and pools of homogenized midges 

between vertebrate-invertebrate transmissions. Segment 2 and segment 10 from individual viral 

plaques were reverse-transcribed, amplified, and cloned into plasmids, prior to sequencing. This 

group found infrequent synonymous and non-synonymous mutations that arose in segments 2 

and 10. Ultimately, Bonneau et al. concluded that the founder effect and quasispecies generation 

were important features in the evolution of a single BTV strain, as evidenced by mutants that 

arose and then disappeared during the course of transmission, as detected by sequencing 

segments 2 and 10 of individual plaques from insects or ruminants. As PCR amplification itself 

generates errors during transcription, it is difficult to determine whether some of these putative 

BTV variants were artefactual.129,130 Moreover, the true extent of viral quasispecies present in 

these experiments may have been masked by replication deficiencies of certain mutants, making 

them non-detectable by plaque assay. Today, ultra-deep sequencing approaches provide a readily 

available technique to query the extent of BTV quasispecies occurrence while avoiding the 

caveats of earlier methods.  

More recent efforts to characterize aspects of intrahost viral genetic diversity have used 

whole genome sequencing. Caporale et al. used different cell types to isolate a strain of BTV-8 

from an experimentally infected sheep.131 Using deep sequencing, this group found that virus 
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sequenced from whole blood had more high-frequency (>0.4%) single-nucleotide variants 

(SNVs) than when the virus was isolated onto KC cells (derived from Culicoides sonorensis) or 

BHK 21 cells.132 However, KC cells generated the highest number of SNVs, while virus 

propagated on BHK 21 cells demonstrated a marked reduction in variants. Two synonymous 

variants that were high frequency in the virus sequenced directly from whole blood went to 

fixation when isolated on KC cells and BHK cells (segments 1 and 4). When additional sheep 

were directly inoculated with either BTV-8 from whole blood or the cell-culture isolated virus, 

those infected directly with BTV-8 from blood developed more severe disease, despite the blood 

having ~100-fold lower titer of BTV than propagated virus. Caporale et al. suggested that the 

discrepancy in disease phenotypes manifested in infected sheep may have been due to the 

number of low-frequency variants and quasispecies present, although numerous other factors 

could have contributed to the difference in disease phenotype observed in this case.  

While other studies have suggested that propagation in cell culture or eggs results in viral 

attenuation of BTV secondary to purifying selection and a reduction in viral quasispecies, few 

studies have been performed to understand whether purifying selection occurs during BTV host-

switching.133,134 Virus isolation in non-native cell types such as BHK 21 cells or embryonated 

chicken eggs likely enforces a dramatic bottleneck, possibly leading to a Muller’s Ratchet-like 

phenomenon, leading to virus attenuation.87,135,136 However, these findings are difficult to relate 

to the overall evolution of BTV in its native hosts.  

The impact of host-switching across all ten BTV segments – and whether each segment 

behaves similarly – is poorly characterized. Although direct experimental approaches to this 

question remain few, various phylogenetic-based studies have indicated that – consistent with 

other arboviruses – BTV has a low overall mutation rate across its genome segments. This 
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implies that some of the same mechanisms that drive slower rates of mutation in ssRNA 

arboviruses may be at play in BTV’s evolution as well. Interestingly, when Carpi et al. analyzed 

the sequences of four segments across 290 BTV isolates, they found that BTV demonstrated 

lower substitution rates than many other vector-borne viruses (mean rates of ~0.5–7 × 10−4 

nucleotide substitutions per site, per year).137 Others have found similar substitution rates and 

evidence of strong purifying selection among bluetongue virus isolates from Europe and 

Australia.138,139 This is suggestive of additional stringencies that may affect BTV’s genome 

stability, such as increased replication fidelity or stableness exerted by its double-stranded 

composition.  

Segmented Viruses and Reassortment  

Building upon early electropherotype work, whole genome sequencing efforts over the 

last decade have provided increasingly strong evidence that reassortment may be the primary 

driver of BTV genetic diversification. Reassortment can occur when a cell is co-infected by more 

than one virus of the same species and is a characteristic feature of many segmented viruses.140 

Viruses with segmented genomes – including those in families Orthomyxoviridae, Reoviridae, 

Picobirnaviridae, and Birnaviridae, as well as order Bunyavirales – have frequently been 

demonstrated to reassort, both in nature and experimentally.141–145  

Reassortment among segmented viruses has been linked to a number of significant 

downstream effects, including generation of highly pathogenic hemorrhagic fevers (e.g., Ngari 

orthobunyavirus) and influenza pandemics.146,147 Moreover, analysis of influenza virus indicates 

that reassortment increases the likelihood of viral expansion into a new host.148 Reassortment is a 

prominent feature among BTV field isolates, including those that seem to cause more severe 

disease.149–151  
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Previous Findings: Bluetongue Virus Reassortment  

While the occurrence of reassortment has long been recognized among BTV both in 

North America and worldwide, a suite of studies in the 1980s sought to characterize reassortment 

between two enzootic North American strains in a variety of systems (in vitro, insect, and 

mammalian).59,152–156 Using electropherotype shifts in plaque-isolated progeny viruses following 

experimental coinfections as an indicator of reassortment, these studies were able to establish 

several important points. First, they found that BTV-10 and BTV-17 were able to reassort 

extensively in Vero cells, and that when viruses did not have equal multiplicities of infection 

(MOI), the virus with a higher MOI contributed more segments to reassortant progeny.154 Later, 

C. sonorensis midges, cattle, and sheep were co-infected with BTV strains to determine the 

frequency of reassortment in vivo.59,152,155,156 Reassortant viruses arose in all cases, although 

Culicoides seemed to support more robust levels of reassortment. Finally, El Hussein et al. found 

that when Culicoides coinfections were staggered by various lengths of time, reassortant viruses 

could be isolated after an appropriate incubation period from midges that had been infected with 

the second virus up to five days after the primary virus was introduced.153  

More recent in vitro work by Shaw et al. using BTV-1 and BTV-8 found that 

reassortment between these two viruses was highly flexible.157 When mono-reassortant viruses 

were generated using reverse genetics, some segment combinations demonstrated fitness 

disadvantages compared to others, highlighting that segment-segment interactions, segment-

protein interactions, and protein-protein interactions likely affect the overall viability of 

reassortant BTV viruses. While certain segments were detected more frequently in reassortant 

viruses, Shaw et al. ultimately determined that reassortment could involve any segment between 

BTV-1 and BTV-8.  
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Although prior studies provide an important starting point for investigating BTV 

reassortment, these experiments have several shortcomings. First, polyacrylamide gel 

electrophoresis (PAGE) and related methods provide limited resolution for detecting subtle 

differences in the genome sequences of each segment. Thus, early studies were unable to 

distinguish the parental origin of several segments in reassortant progeny viruses. Moreover, 

variations in fitness and replication kinetics between different reassortants makes accurate 

detection of reassortment based solely on plaque assays potentially biased.  

Shaw et al.’s approach of generating mono-reassortants via reverse genetics is a vital 

initial step towards fully understanding the actual viability of various segment combinations, but 

with 10 segments of genomic dsRNA and 1,024 possible reassortment combinations between 

two strains of virus, BTV poses a logistical challenge for this type of work. Compared to 

influenza, with just 8 segments and 256 possible segment combinations between two viruses, the 

number of segments present among viruses in family Reoviridae adds another level of difficulty 

to characterizing reassortment in these viruses. Therefore, novel techniques for rapid and 

unbiased detection of reassortment among multi-segmented viruses are needed.  

Factors Restricting Reassortment 

While reassortment is known to be a key feature of segmented virus evolution, our 

understanding of the mechanisms, restrictions, and drivers of this phenomenon remain limited. It 

has been suggested that reassortment is akin to “viral sex” and may serve similar purposes in 

terms of its contribution to accelerate adaptive fitness.158 In the context of Muller’s Ratchet, 

reassortment may be remarkably beneficial, particularly in small populations.158 The 

evolutionary origin of segmented viral genomes is incompletely understood, but beyond the 

potential gains from reassortment as a mechanism to introduce genetic variability in a 
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population, there are fitness benefits to segmentation itself, such as improved viral stability and 

more rapid genome replication.159  

For successful reassortment to transpire, several key features must be in place. First, 

coinfection of a single cell must occur. Second, this coinfection must occur within a time frame 

that permits productive coinfection. For example, reassortment between influenza viruses can 

occur within the first ~3 hours of a cellular infection, but thereafter cells become refractory to 

infection with a second virus.160 This may be due to a number of reasons, including viral-

mediated destruction of receptors on the cell surface or host cell antiviral responses.140 Some 

studies indicate that viruses in the family Reoviridae are relatively permissible to superinfection, 

with a prolonged window where cells may be productively infected with more than one virus.161 

Prior work in vitro and with Culicoides indicates that this may be an important feature of BTV 

coinfection, as well.153,154 

Physical barriers within the cell may prevent productive reassortment; if the sites of viral 

replication are highly isolated, only limited interactions between different viruses may occur. 

The mechanism by which reassortment may occur during BTV coinfection is not well 

understood, particularly as BTV and related viruses generate highly sequestered replication 

factories within the cell. Whether a trafficking mechanism exists to shuttle viral segments 

between bluetongue VIBs is not known. A recent study with mammalian orthoreovirus 

demonstrated dynamic movement of viral factories within the host cell, which was mediated in 

part by microtubules.162 It is not known whether a similar mechanism might facilitate segment 

movement and reassortment among bluetongue viruses.  

Finally, incompatibility between certain genome segments or their downstream proteins 

may preclude the generation of reassortant viruses. For instance, in rotaviruses, mismatches 



19 
 

between the viral polymerase and capsid proteins appears to limit the spectrum of reassortant 

viruses that are viable.163 Packaging signals, too, play an instrumental role in the likelihood of 

reassortment. Marshall et al. demonstrated that reassortment between engineered, near-identical 

influenza A viruses (differing by rare silent mutations in each segment) was highly efficient in an 

in vitro system, but when heterologous packaging signals (3’ and 5’ UTRs) were introduced on 

certain segments, reassortment was dramatically limited.164,165 Similar restrictions in 

reassortment mediated by incompatible packaging signals have been described for viruses in 

Bunyavirales.166,167 While 3’ and 5’ UTRs are quite conserved across BTV strains, additional 

packaging signals contained in the coding sequences may similarly restrict inter-strain 

reassortment.  

As with single mutations, most instances of reassortment are expected to be 

deleterious.140,168 Therefore, when reassortment does occur, subsequent mutations or 

reassortment events are likely to follow in the course of adaptation, leading to a variety of 

potential downstream consequences. Moreover, the specific stringencies that BTV’s alternating-

host transmission cycle imposes on reassortment remain unexplored.  

Summary 

 Clearly, many questions regarding the factors that drive or constrain BTV genetic 

diversification remain. Instrumental work with other vector-borne and segmented viruses 

provides a compelling backdrop for further investigation of BTV. The increased application of 

whole genome sequencing and other novel sequencing platforms promises to build upon earlier 

work, setting the stage for improved understanding of bluetongue and related viruses. 

 This dissertation seeks to address key knowledge gaps surrounding bluetongue virus 

evolution as identified in previous sections. By applying recent advancements in sequencing 
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technologies and using a variety of experimental approaches (applied fieldwork, in vitro systems, 

and in vivo models), we aim to characterize the relative impact of host-switching, reassortment, 

and environmental conditions on the overall genetic diversification of bluetongue virus. The 

ultimate goal of this work is to apply a refined understanding of the factors that drive or 

constrain BTV evolution so as to facilitate improved predictive models and preventive strategies 

with the intent of mitigating the risk of future bluetongue disease outbreaks.  
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CHAPTER 2 – CHARACTERIZING THE GENETIC DIVERSIFICATION OF A SINGLE  
 

BLUETONGUE VIRUS STRAIN USING AN IN VITRO MODEL OF HOST-SWITCHING 
 

 

 

Introduction 
 

 Bluetongue virus (BTV; family Reoviridae, genus Orbivirus) is a globally distributed, 

arthropod-borne virus that can cause profound disease in both domestic and wild ruminants. 

BTV is the etiologic agent of bluetongue disease, which manifests as a systemic vasculitis in 

susceptible animals and is transmitted by biting midges in the genus Culicoides. Affected 

animals may develop thrombosis, pulmonary edema, pericardial effusion, cyanosis, mucosal 

erosions, and coronitis secondary to widespread vascular permeability and inflammation.1,2 

Sheep are considered to be relatively more susceptible to severe disease compared to other 

ruminants, although cattle and wildlife species also may succumb to infection and illness.  

 At least 29 serotypes of BTV have been recognized globally.3,4 BTV is considered 

endemic in North America, with serotypes 2, 10, 11, 13, and 17 circulating seasonally in many 

parts of the United States.5–7 Recent evidence also indicates the incursion and likely permanent 

establishment of previously exotic BTV-3 in North America (see Chapter 5).8  

The global distribution of this virus is defined by the presence of its insect vector, which 

is – with few exceptions – necessary for natural disease transmission between ruminants.9,10 In 

North America, the predominant vector species is Culicoides sonorensis, although additional 

vectors exist in certain locations such as Florida (i.e., C. insignis).11–14 Culicoides midges that 

become infected with BTV through an infective blood meal do not appear to manifest adverse 

effects and remain persistently infected and capable of transmitting virus to ruminant hosts 

throughout their life.15   
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 The BTV genome is composed of ten segments of double-stranded RNA (dsRNA) which 

encode 12 distinct proteins, as well as a novel ORF in segment 10.16 Segments 2 and 6 encode 

the proteins VP2 – the serotype-defining protein – and VP5, respectively, which form the outer 

capsid of the virion and are involved with virus entry into host cells.17–20 VP3 (segment 3) and 

VP7 (segment 7) form an inner core structure, while segment 1 encodes the RNA-dependent 

RNA polymerase, VP1.21–23 In addition to VP1, VP4 (segment 4) and VP6 (segment 9) are 

components of the transcription machinery, with VP6 acting as the RNA helicase and VP4 

enzymatically adding 5’ caps to mRNAs.24 BTV also encodes several non-structural proteins, 

including NS1 (segment 5), which facilitates tubule formation and enhances translation; NS2 

(segment 8), which is essential for the formation of viral inclusion bodies and viral factories; 

NS3/3a (segment 10), which is involved in viral egress; and NS4 (segment 9), which acts an 

interferon antagonist.25–28 In addition, BTV’s RNA segments play an important role in virion 

assembly, with segment 10 untranslated regions (UTRs) initiating sequential packaging of RNA 

segments.29,30 Various RNA-RNA and RNA-protein interactions occur during virion assembly, 

thereby ensuring successful packaging of all ten genome segments.29,31   

BTV’s segmented dsRNA composition enables the virus to evolve via several 

mechanisms, including through the occurrence of mutations and reassortment in a viral 

population. Reassortment is a key evolutionary feature of segmented viruses such as those in 

families Orthomyxoviridae and Reoviridae, as well as those in order Bunyavirales (Rift Valley 

fever virus, Schmallenberg virus, etc.). Reassortment permits the generation of progeny 

containing genome segments from more than one parent strain of virus, thereby contributing to 

genetic diversification and opportunities for host-switching and expansion into new niches.32–34 



37 
 

Arboviruses such as BTV face distinct evolutionary pressures. These vector-borne 

viruses must maintain functionality in two divergent host systems (invertebrate and vertebrate), 

each of which contributes additional, host-specific constraints. Arboviruses such as West Nile 

virus, dengue virus, and others have been found to undergo purifying selection during 

transmission from invertebrate to vertebrate hosts, likely due to fitness trade-offs.35–39 While 

insect vectors are believed to exert less dramatic purifying selection on arboviruses, repeated 

bottlenecks and the founder effect are considered important modulators of genetic diversity in 

the vector.40,41 While large viral population sizes, high rates of mutation, and mutant swarms (so-

called quasispecies) appear to contribute to the overall ability of single-stranded RNA (ssRNA) 

arboviruses to maintain fitness in vertebrate and invertebrate hosts, little is known about whether 

similar factors come into play for BTV during its transmission cycle.42–44 Caporale et al. found 

that BTV derived directly from the blood of infected animals had higher levels of low-frequency 

mutations than virus that had been cell culture isolated, particularly when the virus was 

propagated on BHK cells, indicating that naturally infected hosts may support more genetically 

diverse viral populations.45 However, some studies have suggested that dsRNA virus mutation 

rates are less dramatic than those of ssRNA viruses, despite the lack of RNA polymerase proof-

reading ability in both cases.46,47 Additionally, given BTV’s segmented genome, it is unclear 

whether each segment experiences similar selection pressures across transmission cycles, or 

whether there are differential effects across the ten genome segments.  

While it is presumed that purifying selection plays an essential role in the maintenance of 

viral fitness in BTV transmission, only a handful of studies have experimentally investigated 

BTV’s genetic evolution in vertebrate and invertebrate hosts.48–51 However, these studies 

predominantly occurred before the advent of next-generation, whole-genome sequencing (WGS), 
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and as a result only were able to emphasize the genetic changes occurring within one or two 

segments of the BTV genome, or were based upon earlier methods to detect genetic differences, 

such as electropherotype.48–51 Thus, although there is good evidence that at least two segments (2 

and 10, encoding VP2 and NS3/3a, respectively) remain relatively unchanged through 2-3 

alternating passages in Culicoides sonorensis and domestic ruminants, to date there has not been 

a robust investigation of the effect of BTV’s alternating life cycle across all ten segments of its 

genome over multiple generations.48 Here, we use an in vitro system that leverages cell lines 

derived from two of BTV’s natural hosts (Culicoides sonorensis and cattle) and whole genome 

sequencing to answer fundamental questions regarding the population makeup and genetic 

diversity of this virus as it alternates between host systems.    

Materials and Methods 

Virus isolation 

A field isolate of BTV-17 from California was isolated from BTV-positive whole blood 

during a naturally occurring infection in a clinically affected sheep and passaged as described by 

DeMaula et al.52 Virus was expanded prior to initiation of the current experiment by a single 

passage in BHK 21 cells and infectious titer was determined via 50% tissue culture infectious 

dose (TCID50) using the Reed-Muench method.53  

Cells 

Bovine pulmonary artery endothelial cells (BPAEC) were maintained in Advanced MEM 

(Gibco, Dublin, Ireland) supplemented with 1% non-essential amino acids, 1% penicillin-

streptomycin (10,000 U/ml), and 10% heat-inactivated fetal bovine serum (FBS). Cells were held 

at 37°C with 5% CO2 supplementation and were passaged every 3-4 days when approximately 

80-90% confluent. 
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CuVaW3 cells, derived from Culicoides sonorensis embryos, were maintained in a 

modified Schneider’s Drosophila Media supplemented with 15% FBS and passaged every 3-4 

days when ~90% confluent (Appendix 1).54 CuVaW3 cells were held at 27°C without additional 

CO2 supplementation.  

Virus infections 

BTV-17 (BTV17-INPUT) was used to infect confluent monolayers of BPAEC or 

CuVaW3 cells at an MOI of 1 in duplicate under three different conditions. Virus was either 

passaged serially in BPAEC (BTV17-BPAEC), serially in CuVaW3 cells (BTV17-CUVA), or 

alternatingly between bovine and insect cell lines (BTV17-ALT) for 10 consecutive passages. 

After initial infection at MOI 1, virus was passaged blindly every 96 hours to avoid freeze-thaw 

cycles.  

Virus was harvested from each passage when bovine cells showed >80% cytopathic 

effect (CPE). Insect cells did not demonstrate CPE, but the presence of BTV was confirmed with 

qRT-PCR at each passage. Virus collected from each passage was used to initiate each 

subsequent round of infection, and remaining stocks were stored immediately at -80°C for 

downstream applications.  

qRT-PCR 

Nucleic acid from viral supernatant collected at each passage was extracted using 

MagMAX Pathogen RNA/DNA kit (Applied Biosystems, Foster City, CA) according to 

manufacturer’s instructions for low cell content samples. Extracted samples were prepared for 

qRT-PCR using a universal one-tube fluorogenic probe-based reaction that detects BTV segment 

10 as described by Ortega et al.55 Reactions were prepared using SuperScriptTM III One-step 
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qRT-PCR kit (Invitrogen, Carlsbad, CA) at half-reaction volumes and were thermocycled as 

previously described.55 

WGS library preparation 

Input virus (BTV17-INPUT) and duplicates from each condition (BTV17-CUVA, 

BTV17-ALT, and BTV17-BPAEC) collected after passages 1, 3, 6, 9, and 10 were prepared for 

whole genome sequencing (WGS). To maximize dsRNA recovery, extracted samples were 

treated with 4 U of DNase (TURBO DNA-freeTM kit, Invitrogen) according to manufacturer’s 

instructions. Extracted and DNased nucleic acids were then incubated with LiCl (final 

concentration 2.0 M) for 14-18 h at 4°C to selectively precipitate single stranded RNA and 

maximize dsRNA yield. Following incubation, samples were centrifuged at 4°C x 20 min at 

18,000 x g. Supernatant was collected and excess salts were removed via a 1.25x MagMAX 

Pathogen RNA/DNA kit clean-up step.  

Libraries for each sample were then prepared for whole genome metagenomic 

sequencing using ScriptSeq v2 RNA-Seq library preparation kit (Epicentre, Madison, WI) 

according to manufacturer’s instructions, except RNA fragmentation time was reduced to 2 min 

30 seconds at 85°C. Unique 6-mer barcodes (ScriptSeq Index PCR Primers, Epicentre) were 

annealed to each sample. Libraries were cleaned using a 1x Agencourt AMPure XP (Beckman 

Coulter, Brea, CA) magnetic bead-based clean-up, and concentration and quality of each library 

was measured using Agilent’s High Sensitivity D1000 ScreenTape assay on the TapeStation 

2200 instrument (Agilent, Santa Clara, CA). Samples were pooled to achieve roughly equal 

concentrations prior to size-selection. Pooled, indexed products between 300-700 base pairs (bp) 

in length were manually selected by fractionating the pooled library on a 1% agarose gel, 

followed by excising the desired region and performing gel extraction according to kit 
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instructions (QIAquick Gel Extraction Kit, Qiagen, Hilden, Germany). Concentration, quality, 

and size-distribution of pooled, size-selected libraries were then once again quantified via High 

Sensitivity D1000 ScreenTape. Library concentration was confirmed using KAPA Library 

Quantification qPCR (KAPA Biosystems, Basel, Switzerland) according to manufacturer's 

instructions.  

Four initial samples were sequenced on the Illumina MiSeq instrument using 300 cycle (2 

x 150) MiSeq v2 reagents (Illumina Inc., San Diego, CA). Subsequently, batches of 15-16 

samples were sequenced on the Illumina NextSeq using 300 cycle (2 x 150) NextSeq v2 reagents 

(Illumina Inc.) to achieve sufficient sequencing depth across all ten segments.  

Bioinformatics 

Libraries were demultiplexed and reads from each sample were quality-filtered via a pre-

processing bioinformatics pipeline that uses TrimAL to remove bases and sequences with low 

quality scores, as well as adapter sequences.56 Trimmed reads were then processed using Cd-hit 

to eliminate duplicate reads (those where two or more reads had ≥ 96% pairwise identity in the 

first and last 30 base pairs).57 Reads were then aligned to the consensus sequence of the parental 

input virus (BTV17-INPUT) in Bowtie2 using default parameters.58 Finalized sequences were 

examined in Geneious v.10.2.2 to confirm alignment accuracy.  

 Quality-filtered reads in BAM format from BTV17-INPUT and virus replicates from 

passages 3, 6, and 9 were analyzed for single nucleotide variants (SNVs) and insertions-deletions 

(indels) using LoFreq.59 Indel qualities were added to BAM data using --lofreq indelqual 

with --dindel option. Default LoFreq parameters, which include stringent thresholds based on 

alignment quality, base quality, and mapping quality, were used for SNV and indel detection.  
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Only LoFreq-detected variants in the coding sequence of each segment were included in 

downstream analyses.  

Variants with significant strand-bias were pre-filtered based on LoFreq default 

parameters. Output .vcf files were imported into Geneious v.10.2.2 and visually inspected along 

with alignments.  

Population Genetics 

Viral population diversity was assessed in several ways. Genetic distance was determined 

for each sample by summing coding sequence SNV frequencies generated by LoFreq for each 

segment.41 Richness was also measured using viral population-specific modifications: the 

number of SNV sites detected within the coding sequence of each of the ten genome segments 

was tabulated for each sample, and then normalized by the total number of BTV reads aligning 

per segment.41,60  

Shannon entropy across samples and segments was calculated as a measure of population 

complexity to better characterize the genetic makeup of the viral milieu generated in each 

condition. The following equation, based on previously published papers was used:  𝑆𝑆𝑖𝑖,𝑠𝑠  =  −𝑝𝑝𝑠𝑠(ln𝑝𝑝𝑠𝑠)  + (1 −  𝑝𝑝𝑠𝑠)  ×  ln(1 − 𝑝𝑝𝑠𝑠)  

where the within-host viral population’s Shannon entropy (𝑆𝑆𝑖𝑖,𝑠𝑠) is estimated as the mean S across 

all nucleotide positions (s) using the SNV frequency (p) at each nucleotide position.41 Mean 

Shannon entropy across all sites was determined for each segment and/or sample.  

 Changes in the fixation index (𝐹𝐹𝑆𝑆𝑆𝑆) between the input virus and along the lineage of each 

replicate were calculated as a measure of genetic diversification across conditions and passages. 𝐹𝐹𝑆𝑆𝑆𝑆 was estimated by method-of-moments technique as described by Reynolds and refined for 

WGS datasets by Fumagalli et al.61,62 As has been performed for other viral deep sequencing 
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datasets, n - or the number of individuals sampled in each population - was set to the mean BTV 

coverage depth for each segment’s coding sequence (segment 1: 1604; segment 2: 2423; segment 

3: 1375; segment 4: 1726; segment 5: 3014; segment 6: 3217; segment 7: 1866; segment 8: 5332; 

segment 9: 5282; segment 10: 2664).41 The LoFreq-detected frequencies of non-reference 

variants (those that differed from the consensus sequence) were estimated as 𝑝𝑝𝑖𝑖,𝑠𝑠, 𝑝𝑝𝑗𝑗,𝑠𝑠 and 𝑝𝑝𝑠𝑠 , for 

populations i, j, and i+j, respectively, at site s. All other sites where non-reference variants were 

not detected were set to p = 0. Genetic variance at a single site, s, was then calculated based on 

the following equations:  

𝑎𝑎𝑠𝑠  =  
(4𝑛𝑛𝑖𝑖�𝑝𝑝𝑖𝑖,𝑠𝑠  −  𝑝𝑝𝑠𝑠�2 +  4𝑛𝑛𝑗𝑗�𝑝𝑝𝑗𝑗,𝑠𝑠  −  𝑝𝑝𝑠𝑠�2 −  𝑏𝑏𝑠𝑠)

2(2𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗/(𝑛𝑛𝑖𝑖 +  𝑛𝑛𝑗𝑗)
   

and  

𝑏𝑏𝑠𝑠 =  
(𝑛𝑛𝑖𝑖𝛼𝛼𝑖𝑖,𝑠𝑠  +  𝑛𝑛𝑗𝑗𝛼𝛼𝑗𝑗,𝑠𝑠)

(𝑛𝑛𝑖𝑖 + 𝑛𝑛𝑗𝑗 − 1)
 

where 𝛼𝛼𝑖𝑖,𝑠𝑠  =  2𝑝𝑝𝑖𝑖,𝑠𝑠(1 –  𝑝𝑝𝑖𝑖,𝑠𝑠), and 𝛼𝛼𝑗𝑗,𝑠𝑠  =  2𝑝𝑝𝑗𝑗,𝑠𝑠(1 – 𝑝𝑝𝑗𝑗,𝑠𝑠) 𝐹𝐹𝑆𝑆𝑆𝑆 at a single site s is then estimated as 
𝑎𝑎𝑠𝑠

(𝑎𝑎𝑠𝑠 + 𝑏𝑏𝑠𝑠)
 , and cumulatively across a coding sequence 

locus (m sites) as 
∑ 𝑎𝑎𝑚𝑚𝑠𝑠=1∑ (𝑎𝑎+𝑏𝑏)𝑚𝑚𝑠𝑠=1 .  𝐹𝐹𝑆𝑆𝑆𝑆 between input and passaged viruses and along lineages of each 

replicate was calculated for each segment. 𝐹𝐹𝑆𝑆𝑆𝑆 between two populations may range from 0 to 1, 

with an 𝐹𝐹𝑆𝑆𝑆𝑆 of 1 representing highly divergent populations. 

 To estimate degree of selection, 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 was calculated for each sample. Total 

nonsynonymous (Ns) and synonymous (Ss) sites for the coding region of each segment across 

passages 3, 6, and 9 were determined using DnaSP 6 via the Nei-Gojobori method.63,64 Based on 

recommendations for viral data, nonsynonymous substitutions (Nd) and synonymous 
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substitutions (Sd) were calculated as the sum of LoFreq-generated nonsynonymous and 

synonymous substitution frequencies, respectively.36,41 The 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 ratio was then calculated 

based on the Jukes-Cantor formula:65  

𝑑𝑑𝑆𝑆  =  
−3 ×  ln(1 − ((4𝑆𝑆𝑑𝑑/𝑆𝑆𝑠𝑠)/3))

4
  

and 

𝑑𝑑𝑁𝑁  =   
−3 × ln(1 − ((4𝑁𝑁𝑑𝑑/𝑁𝑁𝑠𝑠)/3))

4
 

A 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 ratio >1 suggests positive selection, while a 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 ratio of <1 indicates negative 

selection. While 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 provides an estimate of selection, it is considered a relatively insensitive 

measure for intra-host virus populations, and is therefore only interpreted as a guide towards 

general trends in this dataset.66  

Statistics 

Statistical analyses were carried out using GraphPad Prism 8.1.0. Unless otherwise noted, 

two-way repeated measures ANOVA with Tukey’s post-hoc test was used to analyze the effect 

of condition (CuVaW3, BPAEC, or alternating propagation) and genome segment on measures 

of viral population genetics, with p < 0.05 considered significant.  

Results 

Despite passage in a relaxed in vitro system, BTV-17 remains remarkably stable regardless of 

cell culture condition  

A field isolate of BTV-17 was passaged in duplicate serially under three different cell 

culture conditions (BTV17-CUVA, BTV17-ALT, and BTV17-BPAEC), and WGS was 

subsequently used to assess the impact of alternating host transmission on BTV’s genetic 

diversification over time (Figure 2.1). The in vitro system used here leverages cell lines derived 
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from two of BTV’s natural North American hosts, Culicoides sonorensis and cattle. By using 

these native cell types, we hoped to capture the scope of BTV genetic diversification that occurs 

in a system without adaptive immunity to allow relatively unchecked viral evolution.  

 In addition to the development of cytopathic effect in BPAEC cells, qRT-PCR was used 

as an estimate of viral replication, and Ct values remained consistently low across conditions and 

passages (Ct range: 13.4 - 16.0, data not shown). Whole genome sequencing was coupled with 

variant detection to establish single nucleotide variant (SNV) frequencies for the input (BTV17-

INPUT) and passaged viruses. Depth of BTV coverage across the coding sequences of all 

samples and segments varied (Table 2.1), with a mean depth of 3,528. Only coding sequence 

SNVs above 0.2% frequency and without significant strand bias (as identified by LoFreq default 

parameters) were included in analyses. Mean SNV depth across all samples was 3,084 (SD: 

2,541).   

While the occurrence of SNVs varied across samples, the consensus sequence of BTV17-

INPUT shared 100% nucleotide identity with output viruses across all conditions in segments 1, 

2, 3, 4, 6, 7, 8, and 9, and >99.8% nucleotide identity in segments 5 and 10. Consensus 

sequences for BTV17-CUVA, BTV17-ALT, and BTV17-BPAEC were identical across all ten 

segments at each time point examined by WGS (passages 1, 3, 6, 9, and 10).  

 Single nucleotide consensus changes arose and approached fixation in segments 5 

(nonsynonymous, residue 229I → R) and 10 (synonymous, nucleotide 360A → G) after a single 

passage in CuVaW3 cells or BPAEC cells and were conserved across remaining passages in all 

three cell culture conditions (segment 5 229I → R frequency: 99.35-99.96%, and segment 10 

360A → G frequency: 97.39-99.89% across all samples). No further consensus changes occurred 

with additional passages, and resequencing of an additional aliquot of original BTV17-INPUT 
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confirmed that neither variant was present as the consensus nucleotide (i.e., >50% frequency) in 

the input virus. 

Measures of genetic diversity remain relatively consistent across passages, regardless of cell 

culture condition 

Whole genome sequencing data was analyzed for low frequency variants and insertions-

deletions (indels) using LoFreq. Various measures of genetic diversity, including distance, 

richness, complexity, divergence, and selection were assessed across conditions and segments to 

better understand genetic variation in a relaxed, in vitro model of BTV transmission.  

Genetic distance was approximated for the input virus and for viruses collected from 

passages 3, 6, and 9 as the sum of all SNV frequencies per coding sequence. BTV17-CUVA, 

BTV17-ALT, and BTV17-BPAEC exhibited similar genetic distances; overall distance (assessed 

across all segments and passages) was similar between passaged viruses and BTV17-INPUT 

(Figure 2.2) and did not differ between passaged viruses when analyzed by segment (Figure 2.3). 

Consistent with the consensus mutations that occurred in passaged viruses, BTV17-CUVA, 

BTV17-ALT, and BTV17-BPAEC demonstrated nearly two-fold greater genetic distance 

compared to BTV17-INPUT in segments 5 and 10 (Figure 2.3). When assessed for trends during 

the progression of passages, viruses exhibited similar genetic distances across all 10 segments 

regardless of cell culture condition (Figure 2.4). BTV17-ALT and BTV17-BPAEC demonstrated 

relatively variable genetic distances in segments 1, 2, and 3 across passages.  

Richness, defined as the number of unique SNV sites present per 10,000 BTV reads, was 

calculated for each sample. Relatively wide variation was detected across samples and segments 

(Figures 2.5 and 2.6). When analyzed across all three cell culture conditions (BTV17-CUVA, -

ALT, and -BPAEC), overall richness was significantly lower in segments 8 and 9 than in the 
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other eight segments (p < 0.0001). Segments 1 and 3 demonstrated the highest overall richness (p 

< 0.05). Interestingly, BTV17-INPUT richness was dramatically greater than that detected in any 

of the subsequent passages, regardless of cell culture condition (p < 0.0005) (Figure 2.5a). When 

assessed for trends in richness arising across passages, BTV17-CUVA, BTV17-ALT, and 

BTV17-BPAEC demonstrated substantial variability within each segment (Figure 2.6).  

We then measured population complexity using Shannon entropy as an estimator of 

uncertainty within a viral population. Mean Shannon entropy was calculated for each sample and 

segment across passages. When data from all segments and passages was combined, BTV17-

ALT was the least complex viral population, with significantly lower Shannon entropy than 

BTV17-INPUT, BTV17-CUVA, and BTV17-BPAEC (p < 0.005) (Figure 2.7). When analyzed 

for segment-specific trends, segment 10 had the greatest Shannon entropy across all conditions 

(p < 0.05) (Figure 2.8). However, no significant differences were detected between cell culture 

conditions, and no overt trends were noted along the progression of passages (Figure 2.9).  

Novel SNVs and indels arose in each condition and passage, although the number of new 

variants varied across samples (Figure 2.10). The occurrence of novel indels - which are 

presumed to be universally deleterious due to shifts in reading frame – was approximately ten-

fold less than the occurrence of novel SNVs. Several novel variants and indels re-occurred across 

samples or passages, disappearing in one passage and then reoccurring later (data not shown). 

This may reflect a predisposition for variants or indels to occur repeatedly in certain parts of the 

genome, or it may indicate subtle variations in sequencing quality that resulted in failure to 

detect these very low-level variants in certain samples.  
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BTV-17 exhibits marked genetic divergence from input virus in segments 5 and 10 early in 

passage series across all cell culture conditions 

Genetic divergence was estimated by calculation of 𝐹𝐹𝑆𝑆𝑆𝑆, or the fixation index. This 

measure is used to approximate the divergence between two populations and was applied to 

understand how viral populations shifted from BTV17-INPUT (passage 0) to passage 3, and then 

within each replicate, how populations diverged from passages 3 to 6 and 6 to 9. Marked 

divergence from BTV17-INPUT was detected in segments 5 and 10 across all samples (segment 

5 mean 𝐹𝐹𝑆𝑆𝑆𝑆 = 0.67 (range 0.64-0.70); segment 10 mean 𝐹𝐹𝑆𝑆𝑆𝑆 = 0.73 (range 0.70-0.74 )), consistent 

with consensus changes that arose in these segments (Figure 2.11). Less strikingly, segments 1 

and 2 also demonstrated moderate divergence from BTV17-INPUT (mean 𝐹𝐹𝑆𝑆𝑆𝑆 0.12 and 0.24, 

respectively) across all samples by passage 3. Remaining segments had very low 𝐹𝐹𝑆𝑆𝑆𝑆 values from 

BTV17-INPUT (passage 0) to passage 3 viruses, with segments 6, 8, and 9 demonstrating the 

lowest divergence from the input virus across all three conditions. Subsequent to initial passages, 

when most marked divergence was detected, 𝐹𝐹𝑆𝑆𝑆𝑆 values exhibited relatively consistent rates of 

divergence between passages 3 and 6, and passages 6 and 9. 𝐹𝐹𝑆𝑆𝑆𝑆 values were similar among cell 

culture conditions and segments, and while BTV17-ALT showed slightly higher 𝐹𝐹𝑆𝑆𝑆𝑆 values than 

matched BTV17-CUVA and BTV17-BPAEC samples across all segments, this trend was non-

significant.  

BTV-17 exhibits purifying selection regardless of cell culture condition 

The proportion of nonsynonymous to synonymous changes (𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆) was calculated as an 

estimate of selection across segments and passages. The proportion of nonsynonymous sites 

across the entire BTV coding sequence (pN) for BTV17-INPUT was 0.77, and this measure 

remained relatively unchanged across segments and samples for subsequent passages (data not 
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shown). Propagation on BHK cells (BTV17-INPUT) appeared to result in purifying selection for 

most segments (mean 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 = 0.35) (Figure 2.12a), although segments 3 and 7 had 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 ratios 

closer to 1 (0.97 and 1.03, respectively), indicating more neutral selection (Figure 2.12b). In 

contrast, after passage in CuVaW3 and BPAEC cells, segments 4 and 5 generally exhibited 

positive selection (mean 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 across all conditions: 1.13, range 0.60-1.71; and 1.07, range 

0.61-1.58, respectively) (Figure 2.12b). When assessed across the coding sequence of all ten 

segments, BTV demonstrated negative, or purifying selection, in all conditions and passages. 

However, purifying selection appeared to be relatively stronger in BTV17-INPUT (propagated in 

BHK cells) compared to BTV propagated in BPAEC and CuVaW3 cells. When individual 

segments were analyzed across passages, 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 was quite varied from passage to passage, and 

between cell culture conditions (Figure 2.12c).  

Discussion 

By using a relaxed system of propagation, we sought to remove the impact of varying 

host-derived features (i.e., adaptive immunity, overall health status, species variation) on BTV’s 

genetic diversification, instead capturing the virus’s inherent capacity to develop low-frequency 

mutations in vertebrate and invertebrate host systems. Insect and mammalian hosts presumably 

exert differing selection pressures that have the potential to be amplified when alternating 

transmission is eliminated (i.e., single cell type passages) versus when alternating transmission is 

maintained (i.e., alternating cell type passages), as transmission between vertebrate and 

invertebrate hosts is believed to drive purifying selection in many arboviruses, including 

BTV.35,37,38,43,48,67–70 Arboviruses with RNA genomes generally evolve more slowly than other 

RNA viruses, reportedly due to the selective pressures exerted by their transmission cycle.43,71 
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Here, we provide evidence that BTV remains highly stable in a relaxed in vitro system emulating 

BTV’s natural transmission cycle. 

Several studies have demonstrated that arboviruses diversify to a greater extent in the 

insect host, possibly due to common mechanisms of immune response (RNA interference, 

RNAi) compared to that of the vertebrate.43,72,73 While there is evidence for the existence of 

RNAi in Culicoides and Culicoides-derived cell lines, the presence of RNAi in the cell line used 

in our study (CuVaW3) has yet to be demonstrated.74,75 Contrary to our expectation of increased 

genetic diversity in virus passaged solely in CuVaW3 cells, we found that BTV-17 viral 

populations remained largely constant regardless of cell culture condition. In fact, for some 

measures, the most dramatic changes occurred when transitioning from BHK 21 cells (BTV17-

INPUT) into our in vitro system (CuVaW3 and BPAEC cell lines). Individual consensus changes 

in segments 5 and 10 arose after only a single passage in BPAEC or CuVaW3 cells, but 

consensus sequences thereafter remained the same in all cell culture conditions, and the majority 

of diversity measures stayed roughly equivalent across passages and conditions.  

Despite passaging BTV-17 in a relaxed model with relatively few constraints on genetic 

diversification, we found that this virus exhibited marked genetic consistency between passages. 

BTV diversity found among field isolates most likely reflects numerous factors, including host 

immune response (both in the vertebrate and invertebrate), vaccination status, host species, 

infectious titer, possible co-infecting viruses, and repeated bottlenecks that occur due to small 

number of infectious particles that Culicoides expectorate or imbibe during blood meals. The 

underwhelming degree of genetic diversity detected in our study is corroborated by studies 

demonstrating that electropherotype of BTV does not change across prolonged infection in 

ruminant hosts and that experimental in vivo transmission between C. sonorensis and sheep and 
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cattle results in minimal changes in the overall genetics of BTV.48,50,51 Bonneau et al. also 

described the occurrence of the founder effect during transmission between C. sonorensis and 

ruminant hosts.48 

Studies of West Nile virus and Venezuelan equine encephalitis virus has demonstrated 

that mosquitoes expectorate unique populations of virus with each feeding.60 While viral 

bottlenecks are minimal during transmission from the insect to vertebrate host, profound 

bottlenecks occur when the vector takes a bloodmeal.40,41,60 It is possible that a similar 

phenomenon exists during transmission of bluetongue virus. As a result, the high MOI (1) used 

in this experiment may have prevented the development of genetic diversification secondary to 

bottlenecking, as a relatively constant, large-sized virus population was carried from passage to 

passage. This large population size and subsequent avoidance of bottlenecks due to a low 

number of “individuals” (i.e., genome equivalents) would inherently abolish the occurrence of 

founder effect. 

 Divergence of passaged viruses (BTV17-CUVA, -ALT, and -BPAEC) from the input 

strain (BTV17-INPUT) likely indicates that BHK 21 cells exert different selection pressures than 

BPAEC or CuVaW3 cells. The disproportionately high genetic richness (total SNV sites 

normalized by BTV reads) of BTV17-INPUT coupled with unremarkable genetic distance (sum 

of SNV frequencies) across all segments indicates that most SNVs in BTV17-INPUT are low-

frequency. In addition, BTV17-INPUT demonstrated the lowest 𝑑𝑑𝑁𝑁/𝑑𝑑𝑆𝑆 ratio of our samples, 

indicating relatively dramatic negative selection. While these findings seem contradictory, they 

may in fact demonstrate that strong purifying selection in BHK cells is coupled with increased 

frequency of neutral – or even deleterious – alleles that are not purged from the population.76 

This phenomenon, described by Cvijovic et al. using a forward-time model, can result in 
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distortions of genetic measures that mimic population expansion and is particularly evident in 

larger populations.77 Alternatively, interferon-deficient BHK 21 cells may promote “tolerance” 

of viral variants, causing a similar net outcome in our various diversity measures.77,78  

Consistent with the work of Bonneau et al., who found that segment 10 developed 

nonsynonymous mutations with relatively high frequency during transmission from Culicoides to 

ruminants, we detected high complexity (Shannon entropy) and divergence (FST) for segment 10, 

regardless of cell culture condition. This suggests that increased population heterogeneity may be 

a characteristic feature of BTV segment 10. While this segment is generally considered to be one 

of the more conserved BTV segments, other groups have also identified relatively high 

substitution rates for segment 10.70,79,80 While underlying mechanisms for this trend are unclear, 

segment 10 plays an essential role in recruiting RNA segments during viral replication and 

generation of cytopathic effect, and thus the low-level genetic heterogeneity detected here and in 

other studies may be explained by its functional role in virus replication. Alternatively, there may 

be secondary structures that affect sequencing chemistry and falsely increases the number of 

variants detected.  

Our work also corroborates findings by Caporale et al., who described a decrease in 

variants isolated from whole blood, particularly when passaged in BHK 21 cells.45 It is likely 

that isolating BTV on this non-native cell type causes a population bottleneck and purifying 

selection. We suspect that the consensus changes that arose in segments 5 and 10 when BTV-17 

was transitioned from BHK 21 cells to bovine or Culicoides cells may reflect a reversion from 

BHK-specific adaptations in these segments. While segment 5 and 10 RNAs are known to 

interact, these interactions occur at different sites than those detected in our work.81 However, 

the current understanding of RNA-RNA, RNA-protein, and protein-protein interactions in BTV 
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assembly and maturation are not exhaustive, so potential for additional interactions beyond those 

currently characterized exists.  

Importantly and interestingly, variants that arose across passages in all conditions were 

often not present in the parent strain but then occurred at low frequency in several of the 

passaged viruses, possibly representing certain hotspots in the viral genome that are associated 

with increased diversity. Alternatively, secondary DNA structures can impact sequencing 

chemistry, and may result in similar findings. Certainly, a caveat to this work and all deep-

sequencing projects is that variant detection is not free of bias. LoFreq default parameters 

include stringent quality filters that reduce the incidence of false-positives.59 However, various 

bioinformatics studies have demonstrated that false positives are relatively common regardless of 

sequencing platform and variant detector used, and that sensitivity often varies between variant 

programs.82 By performing our work in duplicate and eliminating any PCR amplification steps 

aside from the initial creation of libraries, we have tried to reduce as many variables as possible. 

However, sequencing chemistry, structural features of DNA-DNA interactions, and inherent 

sequencing errors may all contribute to uncertainty in our data.  

In summary, few studies have utilized a comprehensive approach to evaluate contributions 

of viral genetic diversity and how the existence of multiple genotypes within alternate host 

passage may influence BTV evolution. Improved understanding of BTV genetic variability 

during host-switching is critical for predicting the emergence and impact of Culicoides-

transmitted viruses in different ecosystem contexts with disease transmission models. 
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TABLES AND FIGURES 
 
 
 

 
 

Figure 2.1 – Schematic of Experimental Set-up. A field isolate of BTV-17 (BTV17-INPUT) 
was passaged under three different cell culture conditions: serial passages in bovine cells 
(BTV17-BPAEC); serial passages in Culicoides sonorensis cells (BTV17-CUVA); and 
alternating passages in bovine and C. sonorensis cells (BTV17-ALT) for 10 consecutive 
passages. 
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Table 2.1 – Samples Demonstrate Similar Sequencing Coverage. Mean depth of sequencing 
coverage across the coding sequence of each BTV segment of BTV17-INPUT and all samples 
from passages 3, 6, and 9.  
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Figure 2.2 – Overall Genetic Distances do not Differ by Cell Culture Condition. Genetic 
distances (i.e., the sum of SNV frequencies) across the coding sequences of BTV17-INPUT, 
BTV17-CUVA, BTV17-ALT, and BTV17-BPAEC do not differ regardless of cell culture 
condition. Distance was calculated for each segment, and cumulative data from all segments is 
shown by box-and-whisker plots (median, interquartile range, and min/max are depicted). Box-
and-whisker plots for BTV17-CUVA, -ALT, and -BPAEC were constructed using the genetic 
distances of all segments across passages 3, 6, and 9. 



57 
 

 
Figure 2.3 – Segments 5 and 10 from Passaged Viruses Demonstrate Increased Genetic 

Distances. BTV17-CUVA, -ALT, and -BPAEC demonstrate increased genetic distance 
compared to input virus (BTV17-INPUT) in segments 5 and 10, consistent with consensus 
variants that arose in across all three cell culture conditions. For BTV17-CUVA, -ALT, and -
BPAEC, mean distance (and standard deviation) for each segment across passages 3, 6, and 9 is 
shown.  
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Figure 2.4 – Genetic Distances across Passages are Similar between Cell Culture 

Conditions. BTV17-CUVA, -ALT, and -BPAEC demonstrate similar genetic distances within 
each segment across passages 3, 6, and 9. Mean distance (and range) for each segment and 
passage is shown. Virus harvested from passage 3 is connected by dashed line; virus from 
passage 6 is connected by dotted line; virus from passage 9 is connected by solid line. 
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Figure 2.5 – Input Virus Demonstrates Significantly Greater Genetic Richness.  BTV17-
CUVA, -ALT, and -BPAEC demonstrate decreased richness compared to BTV17-INPUT. a) 

Richness across the entire coding sequence of BTV17-INPUT is significantly higher (p < 
0.0005) than that detected across the coding sequences of BTV17-CUVA, BTV17-ALT, and 
BTV17-BPAEC. Richness of each segment was calculated as the sum of SNV sites normalized 
by the number of BTV reads (i.e., variant sites per 10,000 BTV reads), and collective data across 
all segments is shown by box-and-whisker plots (median, interquartile range, and min/max are 
depicted). Box-and-whisker plots for BTV17-CUVA, -ALT, and -BPAEC were constructed 
using the richness of all segments across passages 3, 6, and 9. b) Mean richness and standard 
deviation for each segment is shown. Bars depicting BTV17-CUVA, -ALT, and -BPAEC 
represent collective data from passages 3, 6, and 9. 
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Figure 2.6 – Genetic Richness is Variable across Passages and Segments. BTV17-CUVA, -
ALT, and -BPAEC demonstrate variable richness within each segment across passages 3, 6, and 
9. Mean richness (and range) for each segment and passage is shown. Virus harvested from 
passage 3 is connected by dashed line; virus from passage 6 is connected by dotted line; virus 
from passage 9 is connected by solid line. 
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Figure 2.7 – Alternatingly Passaged Virus has Lower Overall Genetic Complexity. BTV17-
ALT exhibits the lowest overall complexity when analyzed across segments and passages. 
Shannon entropy was calculated as a measure of population complexity across the coding 
sequences of BTV17-INPUT, BTV17-CUVA, BTV17-ALT, and BTV17-BPAEC. Shannon 
entropy was calculated for each segment, and cumulative data from all segments is shown by 
box-and-whisker plots (median, interquartile range, and min/max are depicted). Box-and-whisker 
plots for BTV17-CUVA, -ALT, and -BPAEC were constructed using the mean Shannon entropy 
of all segments across passages 3, 6, and 9.  
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Figure 2.8 – Segment 10 Demonstrates Greater Complexity Compared to Other Segments. 

BTV17-INPUT, -CUVA, -ALT, and -BPAEC demonstrate similar population complexity across 
all segments, although segment 10 shows increased overall complexity compared to the other 
segments. For BTV17-CUVA, -ALT, and -BPAEC, mean Shannon entropy (and standard 
deviation) for each segment across passages 3, 6, and 9 is shown.  
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Figure 2.9 – Genetic Complexity Varies by Passage. BTV17-CUVA, -ALT, and -BPAEC 
demonstrate variable Shannon entropy within each segment across passages 3, 6, and 9, although 
segment 10 generally demonstrates a greater degree of complexity compared to other segments. 
Mean Shannon entropy (and range) for each segment and passage is shown. Virus harvested 
from passage 3 is connected by dashed line; virus from passage 6 is connected by dotted line; 
virus from passage 9 is connected by solid line.  
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Figure 2.10 – SNVs and Indels Arise across Passages. Variable numbers of novel SNVs and 
indels (those that were not present in prior passage across each lineage) arise across passages. 
The total number of novel SNVs or indels was calculated for each sample and normalized by the 
nucleotide length of the coding sequence (cds) of each segment. The mean number of normalized 
novel sites per segment is plotted according to passage and cell culture condition. Novel indels 
occur nearly 10-fold less frequently than novel SNVs.  
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Figure 2.11 – BTV Exhibits Minimal Divergence between Passages. Fixation index (FST), or 
the genetic divergence from passage to passage, shows consistent trends regardless of cell culture 
condition. Marked divergence from BTV17-INPUT is evident in segments 5 and 10 by passage 
3, but thereafter divergence remains steady across cell culture conditions and passages 
(cumulative FST is shown). Dashed lines represent BTV17-CUVA, solid lines represent BTV17-
ALT, and dotted lines represent BTV17-BPAEC. Mean FST and range are depicted at each point, 
although error bars are often vanishingly small.  
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Figure 2.12 – BTV Demonstrates Strong Overall Purifying Selection. The proportion of 
nonsynonymous (dN) to synonymous (dS) changes was used as an estimate of selection, 
demonstrating that all samples (BTV17-INPUT, -CUVA, -ALT, and -BPAEC) are under overall 
negative selection. a) dN/dS for each sample was calculated across the entire BTV coding 
sequence (inclusive of all ten segments), and BTV17-INPUT had significantly lower dN/dS than 
passaged viruses (p < 0.0005). b) dN/dS from all passages and replicates are shown. Error bars 
depict mean and standard deviation of each segment according to cell culture condition. BTV17-
INPUT is shown by black dots and dashed line. c) dN/dS of each segment is shown according to 
each passage in each cell culture condition. Mean and range for each segment is shown at each 
passage.  
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CHAPTER 3 – IN VITRO REASSORTMENT BETWEEN ENDEMIC BLUETONGUE  
 

VIRUSES FEATURES GLOBAL SHIFTS IN SEGMENT FREQUENCIES AND  
 

PREFERRED SEGMENT COMBINATIONS 
 
 

 

Introduction 

 
 Bluetongue virus (BTV, genus Reoviridae, family Orbivirus) is associated with 

significant economic and animal health impacts worldwide. Composed of ten segments of 

double-stranded RNA (dsRNA) and transmitted by hematophagous Culicoides midges, BTV can 

cause severe disease in susceptible ruminants and has been identified as an important, re-

emerging arbovirus with significant animal health implications.1,2 BTV circulates year-round in 

tropical climates, and seasonally in more temperate and cooler environments.3 Its range is 

defined by the presence of one or more competent vector species (Culicoides spp.) capable of 

transmitting the virus between ruminant hosts.  

 Recent episodes of BTV incursion into previously BTV-free regions has highlighted the 

role of climate change and animal and vector movement as important mediators of the spread of 

this virus.4–6 Moreover, virus-specific factors such as mutation and reassortment may also 

contribute to the ability of BTV to invade new regions or cause disease outbreaks in otherwise 

enzootic areas. The BTV genome is replicated via an RNA-dependent RNA polymerase, which – 

as with other RNA viruses – lacks proof-reading ability and thus is subject to error-prone 

transcription.7–9 For many RNA viruses, this is considered an important mechanism contributing 

to genetic diversification and overall fitness; the mutation rate and replication rate strike a 

delicate balance allowing these viruses to rapidly adapt through the generation of massive viral 

populations.8,10 RNA arboviruses have much lower rates of mutation despite the production of 
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large viral populations, which is believed to be secondary to the fitness tradeoffs that occur 

during the alternating host transmission cycle.11,12 In vitro and in vivo studies of BTV from our 

lab and others indicate that this virus has a low overall rate of genetic diversity at the single-

nucleotide level, and that virus transmitted between Culicoides and ruminant hosts generally 

remains relatively stable at the consensus level.13,14  

 Reassortment – or the generation of progeny viruses that contain genome segments from 

more than one parental strain – appears to contribute significantly to the overall genetic 

diversification and evolution of bluetongue virus. Extensive reassortment has been demonstrated 

both in vitro and in vivo with various strains of BTV, and several studies of field isolates have 

demonstrated that BTV reassortment is widespread in naturally transmitted viral infections.15–22 

Coinfection of the vector or ruminant host with more than one strain of BTV is prerequisite for 

reassortment to occur, but thereafter, it has been suggested that reassortment has very few 

limitations.  

 Some studies, particularly those analyzing field samples, have detected potential 

segment-specific trends in reassortment, but most experimental approaches have generally failed 

to establish definitive segment combinations that are more likely to occur than others.20 The 

sheer number of potential segment combinations between BTV strains (1,024 different 

reassortants are possible with two strains) makes robust investigation of reassortment trends 

time- and labor-intensive, which has hampered investigations in this area.  

Here, we apply whole genome sequencing and a novel amplicon-based sequencing 

approach to detect global shifts in segment frequencies and reassortment events between two 

enzootic North American BTV strains (BTV-2 and BTV-10) to better understand features of 

reassortment between these two viruses in an in vitro system. This coinfection system provides 
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an interesting lens through which to assess BTV reassortment in general, as BTV-2 remains very 

limited in its distribution in North America, although it is considered enzootic.23,24 Thus, the 

potential for this virus to reassort with other BTVs may lend important information in terms of 

its overall ability to spread, and could provide insight for our understanding of how incursive 

BTV strains may intermingle with already enzootic strains to become widespread in a new 

region.  

Materials and Methods 

Viruses 

Two endemic bluetongue virus strains were used to established single-virus infections or 

coinfections in vitro. BTV-2 and BTV-10 were obtained from ATCC and had been passaged 

three and seven times in BHK 21 cells prior to the initiation of the experiment, respectively. The 

BTV-2 strain was isolated from asymptomatic sentinel cattle in 1982 in Florida and subsequently 

submitted to ATCC (Bluetongue virus, type 2, ATCCⓇ VR-983™).25,26 The BTV-10 virus used 

in this study (Bluetongue virus, type 10, strain 8, ATCCⓇ VR-187™) was originally isolated 

from a sheep in California in 1952.27  

These strains were chosen due to their enzootic nature, traceability, and distinguishability 

using molecular assays. Shotgun metagenomics and bioinformatics approaches have reduced 

ability to differentiate highly genetically homogenous sequences, as probabilistic assembly 

algorithms cannot accurately discriminate between identical sequences. We therefore selected 

this pair of viruses due to their relatively low nucleotide identity that would allow us to rapidly 

distinguish them using metagenomic sequencing (Table 3.1).  
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Cell culture 

Low-passage BHK 21 cells were maintained in Eagle’s Minimum Essential Medium 

(EMEM) with 10% heat-inactivated fetal bovine serum (FBS), 10% tryptose phosphate broth, 

and 1% penicillin-streptomycin (10,000 U/ml). Cells were maintained at 37°C with 5% CO2 and 

passaged at ~90% confluency every 3-4 days.  

Growth curves 

BTV-2 and BTV-10 were introduced in duplicate to confluent cultures of BHK 21 cells at 

a multiplicity of infection (MOI) of 0.2 TCID50/ml. A negative control flask inoculated with an 

equal volume (1 ml) of EMEM without virus was also included. Viral inoculum was allowed to 

incubate with cells for 1 hr at 37°C, and then an additional 4 ml of maintenance media was added 

to each flask. Five hundred µl of cell culture supernatant was collected at 1 hr, 6 hr, 12 hr, 24 hr, 

48 hr, and 72 hr post-inoculation and stored at -80°C until further analysis. Tissue culture 

infectious dose (TCID50) was calculated from the supernatant collected at each time point to 

characterize the viral growth kinetics of each virus.  

Viral passages 

Following initial virus characterization, BTV-2 and BTV-10 were used to inoculate flasks 

of confluent BHK 21 cells in triplicate. To establish single-virus infections, virus was diluted in 

EMEM to reach an MOI of 0.2 TCID50/ml. One ml of diluted virus was then added to a 

confluent monolayer of BHK 21 cells in triplicate. To establish coinfections, each virus was 

diluted to a final MOI of 0.2 TCID50/ml in EMEM and 1 ml of inoculum containing 0.1 

TCID50/ml of each virus was added to confluent flasks of BHK-21 cells in triplicate. Another 

flask of cells was inoculated with EMEM as a negative control. After 1 hr of incubation at 37°C, 

an additional 4 ml of maintenance media was added to each flask.  
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Virus was harvested from cell cultures at 72-96 hr post-inoculation, when cytopathic 

effect (CPE) was approximately 80-90%. Freshly harvested virus was used to initiate the next 

round of infections on BHK 21 cells immediately following collection. Viruses were passaged 

blindly so as to avoid freeze-thaw cycles. Three hundred µl of virus was also reserved to perform 

TCID50s at each passage. Remaining harvested virus was aliquoted into 1 ml vials and stored at 

-80°C for downstream analysis.  

TCID50 

TCID50s were performed for viral quantification to determine initial MOI, viral titers 

during growth curves, and levels of infectious virus at each passage throughout the course of the 

study. Ten-fold dilutions of virus stocks were prepared in triplicate from 10-1 to 10-8. Fifty µl of 

each dilution of virus (or EMEM for negative controls) was added to a well in a 96-well 

microtitration plate. BHK 21 cells were seeded at a density of 1.55 x 104 cells per well, along 

with 50 µl of EMEM. Fifty µl of maintenance medium was added to each well at 24 and 72 hr 

post-inoculation, and plates were stained with crystal violet solution and read at 96 hr. The Reed-

Muench equation was used to determine the TCID50/ml for each virus.28 

qRT-PCR 

Nucleic acid was extracted either manually or on the KingFisher Flex robot (Thermo 

Fisher, Waltham, MA) using Applied Biosystem’s MagMAX Pathogen RNA/DNA kit (Foster 

City, CA) according to manufacturer’s instructions.  

A pan-BTV qRT-PCR assay targeting segment 10 was performed as described by Ortega 

et al.29 Quantitative RT-PCR was performed using SuperScript III Platinum One-Step qRT-PCR 

reagents (Invitrogen, Carlsbad, CA) at half-reaction volumes, and thermocycling conditions were 
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carried out as previously described.29 Samples from each passage were screened throughout the 

course of the study.  

Whole genome sequencing 

Samples from passages 1, 3, and 7 were prepared for shotgun metagenomic sequencing. 

Samples were DNased according to manufacturer’s instructions using TURBO DNA-free kit 

(Invitrogen), except the amount of DNase was increased to 4U per sample to maximize DNase 

activity. Following DNase inactivation, 7.5 M LiCl solution was added to each sample to reach a 

final concentration of 2.0 M. Samples were incubated for 16-18 hours at 4°C, then centrifuged at 

18,000 x g at 4°C for 20 min to selectively precipitate single-stranded RNA. Supernatant was 

subsequently used for downstream whole genome sequencing (WGS). Sample quality was 

determined with RNA High Sensitivity screentape on the TapeStation 2200 instrument (Agilent, 

Santa Clara, CA) to estimate RNA integrity and concentration prior to library preparation. 

Sample libraries were prepared using KAPA RNA Hyper Prep kit (KAPA Biosystems, 

Basel, Switzerland) according to instructions, except reagents were used at half-reaction volumes 

with 5 µl of sample input. Libraries were assessed for DNA quality and concentration using 

Qubit broad-range or high sensitivity DNA reagents and the Qubit 2.0 fluorometer (Thermo 

Fisher), followed by High Sensitivity D1000 DNA screentape on the TapeStation 2200 machine. 

Samples were then pooled and size-selected for inserts from 300-800 basepairs (bp) in length 

using size fractionation on a 1% agarose gel. The desired region was excised from the gel and 

QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) was used to purify the pooled DNA 

according to manufacturer’s instructions.  

Pooled, size-selected libraries were then re-analyzed using Qubit fluorometer and the 

TapeStation 2200 system as before. The pooled library was quantified further using KAPA 
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Library Quantification kit (KAPA Biosystems) according to kit instructions prior to loading on 

the flowcell. Libraries of approximately ~20 samples were sequenced using NextSeq 2x150 mid-

output cartridges (Illumina Inc., San Diego, CA) on the Illumina NextSeq machine.  

BTV analysis pipeline and bioinformatics 

Consensus sequences of BTV-2 and BTV-10 input strains were determined via our lab’s 

novel BTV bioinformatics pipeline as described in Chapter 5. Viral supernatant harvested from 

passages 1, 3, and 7 was similarly processed, with some minor changes. Briefly, libraries were 

demultiplexed and raw reads were trimmed to remove low quality bases and adapter sequences 

(TrimAL).30 Cd-hit was then used to eliminate duplicate reads (where two or more reads had ≥ 

96% pairwise identity in the first and last 30 base pairs).31 Reads were aligned to the consensus 

sequences of the input viruses, BTV-2 and BTV-10, using Bowtie2 with default parameters, 

except --end-to-end and --very sensitive modifiers were used to reduce off-target 

mapping.32 Finalized sequences were visually inspected in Geneious v. 10.2.2 to confirm 

alignment and mapping accuracy.  

Plaque isolation 

To identify the genotype of individual viruses and detect potential occurrences of 

reassortment, viral stocks harvested from passages 1, 3, and 7 co-infected cultures were serially 

diluted and used to establish infections on 6-well plates of BHK 21 cells. Six-well plates were set 

48 hr prior to virus inoculation, with each well seeded with 1.0 x 105 cells in maintenance media.  

Serial ten-fold dilutions of viral stocks from 10-1 to 10-8 were prepared in EMEM. Five 

hundred µl per well of 10-2 to 10-7 viral dilutions were used to inoculate confluent BHK 21 

monolayers in duplicate. After 1 hr of incubation at 37°C, cells were washed once with PBS to 

remove unbound virus and then were overlaid with 2 ml of a 1:3 solution of 2% agarose in 
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Earle’s balanced salt solution (EBSS):maintenance media. Plates were incubated at 37°C with 

5% CO2 for 48-72 hours, when cytopathic effect (CPE) were evident. Once CPE were detected, a 

second overlay containing 0.1% neutral red in media with agarose was added, after which cells 

were incubated until discrete plaques were visible. 

Plaques were visualized using a transilluminator or by holding the plates up to a light. 

Individual plaques were picked and propagated once in BHK 21 cells in a 24- or 48-well plate 

format. Briefly, each agarose plug was added to 100 µl EMEM and 4.65 x 104 BHK 21 cells in 

300 µl maintenance media in a well and propagated plaques were maintained at 37°C until CPE 

was complete. Viral supernatant was harvested, aliquoted, and then frozen at -80°C until 

downstream analyses were carried out.  

Amplicon assay 

Total nucleic acid from propagated plaques was extracted either manually or on the 

KingFisher Flex robot using Applied Biosystem’s MagMAX Pathogen RNA/DNA kit as 

described above. Extracted RNA was subsequently used for amplicon-based sequencing to 

rapidly differentiate which parental strain contributed each of the ten segments comprising the 

progeny virus. Standards and negative controls were run in duplicate with each plate of samples. 

Standards were prepared from BTV-2 and BTV-10 stocks with equal Ct values (based on 

segment 10 qPCR; see above) as follows: standard 1, 100% BTV-2; standard 2, 90% BTV-

2/10% BTV-10; standard 3, 50% BTV-2/50% BTV-10; standard 4, 10% BTV-2/90% BTV-10; 

standard 5, 100% BTV-10. These standards were used to ensure we could reliably detect all ten 

segments of each virus, as well as establish baseline levels of any off-target mapping that might 

occur for each virus and segment. 
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Custom primers incorporating Illumina TruSeq constructs were used to generate 

amplicons of each BTV segment following the two step PCR assay design described by Galan et 

al.33 Illumina’s TruSeq adapters were used to design a two-step PCR process to generate 

barcoded amplicons of each BTV segment. Full-length viral genome sequences of each parental 

strain were aligned and used to design consensus primers for each segment using the Primer3 

plugin in Geneious v.10.2.34  First round primers were designed to generate amplicons 

approximately 400-600 bp in length that were genetically distinct between BTV-2 and BTV-10 

at multiple sites within the amplified region. These first round primers included two main 

features: a BTV segment-specific primer region and an adapter sequence complementary to the 

second round primer set (Appendix 2). Eight base pair dual-indexes were generated for forward 

and reverse round-two primers (96 unique indexes each) using BARCRAWL (Appendix 2).35 

Individual round-one primer pairs were confirmed to amplify their specific target in each 

parental genome and pooled equimolar into a 10-plex reaction. An initial test-run of the 

multiplex PCR with the standard samples (above) was sequenced in the Illumina MiSeq 

(Illumina, Inc.) and the concentration of each primer pair was adjusted empirically based on the 

relative efficiently of each primer pair (proportion of reads for each product).  

 The first round PCR included an initial template denaturation and primer annealing step 

with 2 µl of sample and 2 µl of 2 µM first-round primer pool heated at 95°C for 5 min and then 

immediately quenched on ice. The following master mix using components from SuperScript III 

One-step RT-PCR kit with Platinum Taq (Invitrogen) was then prepared and added to each 

reaction on ice for reverse transcription and round-one amplification: 5 µl of 2X Reaction Mix, 

0.5 µl SuperScript III RT/Platinum Taq mix, 0.5 µl H2O. Thermocycling conditions were as 

follows: 56°C x 30 min → 94°C x 2 min → 14-16 cycles of [94°C x 15 s + 54°C x 45 s + 68°C x 
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30 s] → 68°C x 30 sec. Round-one product was treated with Exonuclease 1 from New England 

Biosciences (Ipswish, MA) according to kit instructions to remove excess primers. 

 The second round PCR included 1 µl each of forward and reverse barcoded primers (2 

µM), in addition to a master mix containing the following components: 1 µl each of i5 and i7 

primers (Appendix 2), 0.1 µl Platinum Taq High Fidelity DNA Polymerase (Invitrogen), 3.7 µl 

H2O, 1 µl 10X Reaction Buffer, 0.7 µl MgCl2, and 0.5 µl 10 mM dNTP mix. PCR reaction 

conditions were as follows: 94°C x 2 min → 18-20 cycles of [94°C x 30 s + 52-54°C x 45 s + 

72°C x 30 s] → 72°C x 30 s. 

Second-round product was quantified using fluorometric quantification with Sybr Green 

(Thermo Fisher) on a plate reader (EnSpire Multimode Plate Reader, PerkinElmer, Waltham, 

MA). Up to 96 products were then pooled to approximately equimolar concentrations and 

purified with Agencourt AMPure XP beads (Brea, CA) (0.6x ratio). The pooled amplicon library 

was quantified on the Qubit 2.0 fluorometer and visualized using the Agilent TapeStation 2200 

prior to KAPA qRT-PCR quantification. Library pools were sequenced on an Illumina MiSeq 

instrument using either 500 cycle Nano or 300 cycle Micro kits. 

Amplicon assay bioinformatics 

Illumina reads were demultiplexed with bcl2fastq v2.20.0.422 using default settings.36 

Primer and adapter sequences were trimmed using Cutadapt v1.13, and 3’ bases were removed if 

they were below a minimum quality of Q30.37 Reads less than 80 bp in length after trimming 

were removed from further analyses. Trimmed reads were mapped to the parental reference 

sequences in Bowtie2 v2.3.2 (Appendix 3).32 Sorted bam files were made in samtools v1.5 and 

viewed in Geneious v.10.2.2 to confirm accurate mapping of reads to the correct parental 

strain(s).38 The reads mapping to each parental strain were quantified and used to determine the 



84 
 

presence of reassortment in progeny viruses (presence of reads mapping to one or segment from 

both parental strains). Due to the presence of low-level mis-mapping of reads between BTV-2 

and BTV-10 for certain segments in the amplicon assay, only plaques with >90% of all reads 

mapping to one parent segment or the other were included in our final analyses. Viruses with 

missing segments (i.e., those that did not get reads across all ten segments) were also excluded 

from downstream analyses.   

Relative diversity 

Simpson’s diversity index was used to estimate the population complexity of viruses 

isolated from co-infected conditions. This measure is based upon the number of unique 

genotypes (richness) present in a population, as well as the relative abundance of each 

(evenness).39 Simpson’s diversity was calculated for each BTV-2+10 replicate from passages 1, 

3, and 7 using the following equation: 𝐷𝐷 = ∑(𝑝𝑝𝑖𝑖2) where pi is the relative abundance of each 

genotype. To normalize these data to a linear format and to allow for more intuitive comparisons, 

D for each sample was converted to Hill’s N2, which can be calculated by 𝑁𝑁2  =  1/𝐷𝐷.40 Hill’s 

N2, or the effective diversity of the population, represents the number of equally abundant 

genotypes required to be present to generate the level of diversity detected by Simpson’s 

index.40,41  

Statistics 

Chi-square analysis and Fisher’s exact test were performed to determine whether 

significant trends existed in terms of segment-linkages and reassortment for amplicon-based 

genotypes, with p < 0.05 considered significant. Two-way repeated measures ANOVA with 

Tukey’s post hoc was used to determine whether significant trends in segment frequencies from 
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metagenomic data occurred across passages, with p < 0.05 considered significant. Statistical 

analyses were carried out with GraphPad Prism v. 8.0.  

Results 

BTV-2 and BTV-10 share similar growth kinetics in BHK 21 cells 

 To ensure we did not unfairly bias our coinfection experiment with one virus growing 

more rapidly than the other, we performed growth curves for both BTV-2 and BTV-10 in BHK 

21 cells prior to initiating coinfections. BTV-2 and BTV-10 were propagated in duplicate at an 

MOI of 0.2 TCID50/ml on BHK 21 cells. Virus supernatant collected at 1, 6, 12, 24, 48, and 72 

hours post-infection was titered via TCID50, and constructed growth curves demonstrated that 

BTV-2 and BTV-10 had similar growth kinetics in the target cell type (BHK 21) (Figure 3.1).  

 Infectious titer and viral copy number of each replicate was tracked across each passage 

by TCID50 and qPCR, respectively, and remained relatively constant between replicates and 

infection conditions (single vs. coinfection) (Appendix 4).  

BTV-2 and BTV-10 consensus sequences do not change across passages 

Previous studies have reported that BTV remains largely genetically stable across 

passages in vitro and during experimental transmission in vivo.13 To understand whether this 

phenomenon also occurs in BHK 21 cells, which are interferon deficient and hence may provide 

a permissive environment for genetic diversification, or whether coinfection might drive the 

occurrence of mutations, we assessed the consensus sequences of BTV-2, BTV-10, and BTV-

2+10 at the beginning (passage 0, input viruses) and the end of our passage series (passage 7, 

output viruses) using whole genome sequencing (WGS).42 Consensus sequences were 

constructed for each segment and coding sequences of passage 0 viruses were aligned to those of 

passage 7 viruses. For certain segments (Table 3.2), full coding sequences could not be 
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determined due to the very low frequency of these segments in co-infected cultures by passages 

3 and 7. There were no consensus changes detected between passages 0 and 7, regardless of 

infection condition (single vs. coinfection).  

Metagenomic sequencing reveals consistent global shifts in segment frequencies during BTV-2 

and BTV-10 coinfection 

As has been performed for influenza virus, whole genome metagenomic sequencing was 

used to detect global shifts in segment frequencies during BTV coinfection as an estimator of 

reassortment trends.43 BTV-2 and BTV-10 were used to establish coinfections on BHK 21 cells 

in triplicate at an MOI of 0.2 TCID50/ml for each virus and passaged blindly for seven 

consecutive passages. Viral supernatant collected from each BTV-2+10 replicate was harvested 

after passages 1, 3, and 7 and prepared for WGS to assess the segment composition of the viral 

population present at each time point.  

 Reads from each sample were aligned to both BTV-2 and BTV-10 via our bioinformatics 

pipeline (Table 3.2). The number of reads per segment aligning to either parent strain was 

normalized as a percent by the total number of reads per segment.  

Following a single passage in BHK 21 cells, viral populations from BTV-2+10 

coinfections demonstrated early, consistent changes in overall segment composition of the viral 

milieu. While all ten segments from both BTV-2 and BTV-10 were present and well-represented 

after one passage, all replicates demonstrated a consistent shift towards BTV-2, with 

approximately ⅔ of reads for each segment aligning to BTV-2, and only ⅓ of reads aligning to 

BTV-10. This trend occurred across all ten segments in each replicate (mean: 67%, range 60-

75%) (Figure 3.2).  
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By the third passage, marked trends in segment frequencies were more evident, with 

prominent shifts towards BTV-2 across most segments (Figure 3.2). This was most remarkable 

for segments 7 and 8, where >98% of reads aligned to BTV-2. Segments 5 and 10 were notable 

exceptions to this trend, however, maintaining relatively substantial contributions from both 

BTV-2 (~65% of viral reads) and BTV-10 (~35% of viral reads) within the viral population 

present at passage 3.  

In general, the trends in segment contributions from each BTV parent strain noted at 

passage 3 persisted after seven passages, with shifts towards BTV-2 becoming more pronounced 

across most segments. No BTV-10 reads were detected for either segment 7 or 8 in two of three 

replicates. In one replicate, two segment 7 reads aligned to BTV-10. BTV-2 and BTV-10 

contributed roughly equivalent proportions of segment 5 reads, while segment 10 shifted heavily 

towards BTV-2 (84% of viral reads). In contrast to passage 3, segment 9 demonstrated 

substantial representation of both parent strains in passage 7.  

Two-way repeated measures ANOVA with Tukey’s post-hoc to correct for multiple 

comparisons was used to determine whether shifts in segment frequencies along the course of 

passages were statistically significant. The overall contribution of BTV-10 segments 1, 2, 3, 4, 7, 

8, and 10 significantly decreased from passage 1 to passages 3 and 7 (all p < 0.05). Reads 

aligning to BTV-10 segment 9 were significantly increased from passages 1 and 3 to passage 7 

(p < 0.05). No significant differences were detected in the number of reads aligning to BTV-10 

segment 6 across passages.  
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Amplicon-based sequencing of individual plaques demonstrates frequent reassortment between 

BTV-2 and BTV-10 

We used a novel, amplicon-based sequencing assay to rapidly differentiate the genotypes 

of individual viral plaques isolated from passages 1, 3, and 7. Viruses were plaque isolated on 

BHK 21 cells and then individual plaques were picked and propagated once.  

 We successfully sequenced 32 plaques from passage 1, 44 plaques from passage 3, and 

51 plaques from passage 7 that had a clear genotype across all ten segments (>90% of reads 

aligning to one parent strain or the other) without evidence of plaque bleed over (Figure 3.3). 

Similar to our WGS results, we found that no plaques had either segment 7 or 8 contributed by 

BTV-10 in passages 3 and 7, and that both parental strains of BTV were well-represented across 

plaques in segments 5 and 9.  

 Interestingly, although BTV-10 contributed only ~⅓ of segment 10 viral reads in passage 

3 and ~⅕ of segment 10 viral reads in passage 7 via metagenomic sequencing, we detected a 

high frequency of plaques with BTV-10 segment 10 by our plaque assay method (Figure 3.4). 

We also found that certain segments that were well-represented in our metagenomic sequencing 

data were not detected by our plaque assay approach; in particular, BTV-10 contributed 

approximately 40% of segment 6 viral reads in passage 7 according to WGS, but not a single 

plaque with BTV-10 segment 6 was identified. A similar, although less striking, trend was noted 

for BTV-10’s segment 2. It is important to note that these two “missing” BTV-10 segments were 

detectable in our amplicon assay positive control standards, as well as in propagated plaques that 

did not have clear genotypes or appeared to have plaque bleed-over, indicating that viruses with 

these BTV-10 segments may have had delayed or diminished cytopathic effect on BHK 21 cells.   
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Diversity indices increase during coinfection, but segment-specific trends are evident in both 

metagenomic and amplicon-based sequencing assays, demonstrating preferred reassortant 

segment combinations 

To better understand the genetic diversity generated by BTV-2 and BTV-10 coinfection, 

we calculated Simpson’s diversity index and Hill’s N2 for each replicate from passages 1, 3, and 

7.39–41 While all 20 potential segments from BTV-2 and BTV-10 were represented after the first 

passage, effective diversity was actually quite low due to the large number of plaques that had all 

ten segments contributed by BTV-2. Although certain BTV-10 segments all but disappeared 

from co-infected viral populations by passages 3 and 7, effective diversity nevertheless was 

increased from passage 1 (Figure 3.5).  

 There were 8 unique genotypes identified in passage 1, 17 in passage 3, and 17 in passage 

7 (across all replicates). While the number of unique reassortant viruses was relatively high in 

passages 3 and 7, there were consistent trends in terms of which segments were involved in 

reassortment events (segments 5, 9, 10 frequently; segments 1, 3, and 4 infrequently), and these 

were noted in each replicate. In general, most isolated viruses appeared to have a BTV-2 

backbone that occasionally accepted certain BTV-10 segments (Figure 3.3).  

 Chi-square analysis and Fisher’s exact test was used to assess the overall independence of 

segments 1-10 for BTV-2 and BTV-10 for plaque genotypes identified at passage 7. Highly 

significant relationships (p < 0.0009) were noted between segment 5 and all other segments, 

except segment 10 (ns). Similarly, segments 9 and 10 exhibited highly significant relationships 

to all other segments (p < 0.0001), except as noted above (s5 and s10, ns) and between s9 and 

s10 (non-significant).  
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Discussion 

 Reassortment amongst bluetongue viruses is a complex phenomenon, and our 

understanding of the features that drive or restrict the occurrence of reassortment remains 

limited. Here, we applied whole genome sequencing and a novel, amplicon-based sequencing 

approach to characterize the occurrence of reassortment between two endemic bluetongue 

viruses in a relaxed, in vitro system.  

 We selected BHK 21 cells as our model system for this particular study for two main 

reasons. First, both BTV-2 and BTV-10 grow similarly in BHK 21 cells, allowing us to avoid 

unfairly biasing our experiment with one virus simply outcompeting the other. Second, BHK 21 

cells are interferon-deficient and therefore provide a relaxed environment for BTV replication.42 

We sought to understand how readily reassortment occurs between these two viruses, so we used 

a highly permissive in vitro system to simply query the extent to which these viruses share 

compatible segments.  

 Our findings highlight the plasticity with which BTV may reassort, given the appropriate 

conditions. This corroborates the findings of Shaw et al., who investigated reassortment between 

BTV-1 and BTV-8 in an in vitro system and found that the viruses reassorted extensively.44 Our 

work also correlates to the findings of a much earlier series of reassortment studies where BTV-

10 (BT-8) and BTV-17 (strain 262) were investigated in Vero cells and in vivo using shifts in 

electropherotype as a hallmark of reassortment.15–17,19 These studies found that reassortment 

occurred readily between BTV-10 and BTV-17 viruses, both in vitro and in vivo.  

 In their 2013 study, Shaw et al. noted potential trends in terms of which segments were 

most likely to be detected in reassortant viruses (segments 1, 2, and 7 donated by BTV-8, for 

instance) after four passages.44 However, this group concluded overall that reassortment was 
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highly flexible and no specific trends were apparent during BTV-1 and BTV-8 coinfection. In 

contrast, we found consistent, repeatable trends in segment frequencies both in our metagenomic 

sequencing approach and when we assessed the specific composition of individual viruses. These 

trends were noted after only three passages in BHK 21 cells, and became even more pronounced, 

albeit with slight shifts, by passage 7. We even found that some segments went “extinct” in our 

reassortment experiment. All replicates demonstrated highly similar trends at each time point. 

This suggests that there may be specific, preferred segment combinations that arise during BTV-

2 and BTV-10 reassortment, favoring a BTV-2 backbone that accepts certain segments from 

BTV-10. 

In assessing the specific trends that we detected in both our metagenomic sequencing 

approach and our amplicon-based genotyping assay, one of the most striking findings was that 

BTV-10 segments 7 and 8 essentially disappeared from the viral milieu over the course of our 

BTV-2+10 passage series. Remarkably, this occurred despite 100% shared identity at the 

putative amino acid level between BTV-2 and BTV-10’s segment 7. The concurrent 

disappearance of both of these segments, despite identical BTV-2 and BTV-10 VP7 proteins, 

suggests an interaction between segments 8 and 7 during viral replication, either at the RNA-

RNA level or at the protein-RNA level. The disappearance of BTV-10 segments 7 and 8 may be 

attributable to some underlying functionality that allows BTV-2’s segments 7 and 8 to be 

selectively incorporated during viral replication and packaging. While segment 8’s NS2 protein 

is known to be an essential component of viral inclusion bodies (VIBs) and plays a key role in 

recruiting and binding viral ssRNAs for assembly, direct NS2-segment 7 interactions have not 

been described to date.45,46  
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These findings are also important because they allude to specific segment linkages that 

might limit the spectrum of fit reassortant viruses that can be generated during BTV coinfection. 

When Shaw et al. generated mono-reassortants with segments from BTV-1 or BTV-8 onto the 

reciprocal virus’s backbone, they found deleterious effects when BTV-8 segment 7 was 

incorporated into the BTV-1 backbone.44 They also found that segment 8 mono-reassortants 

demonstrated consistently decreased titers 8 hours post infection compared to wild-type viruses. 

Collectively, these findings suggest that segment 7 and 8 mismatches may negatively affect viral 

fitness.  

BTV-2 and BTV-10 demonstrated distinct cytopathic effect (CPE) phenotypes during 

infection, with BTV-10 causing profound, rapid cell lysis, and BTV-2 resulting in less profound 

lysis and comparatively prominent cell rounding and cytomegaly. BTV-2+10 replicates 

increasingly adopted this BTV-2-like CPE phenotype during the passage series. The BTV-2-like 

CPE phenotype observed during coinfection may point to the complete incorporation of BTV-2 

segment 8 and disappearance of BTV-10 segment 8 by passage 7, as NS2 (encoded by segment 

8) has been found to play a key role in disrupting mitosis in BTV-infected cells.18 Certain strains 

of BTV have been linked to aberrant mitosis in BHK 21 cells and other cell types (Vero, 

BPAEC), which was associated with NS2 accumulation near kinetochores.18 Thus the shift in 

phenotype observed during BTV-2+10 coinfection may reflect specific properties of the BTV-2 

segment 8 protein as it interacts with cell machinery during mitosis, which may represent an 

adaptive advantage of BTV-2’s segment 8 (at least for in vitro propagation).  

Metagenomic sequencing also revealed that certain segments from BTV-10 were more 

likely to reassort onto a BTV-2 backbone than others. Specifically, we saw high frequencies of 

both BTV-2 and BTV-10 contributing segments 5, 6, and 9 in passage 7 co-infected conditions. 
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Segment 5 encodes the NS1 protein, which is associated with microtubules and has been shown 

to enhance BTV translation; segment 6 encodes VP5, one of the two major outer capsid proteins; 

and segment 9 encodes VP6 and NS4.47,48 VP6 is the RNA helicase, while NS4 is translated from 

another open reading frame and acts as an interferon antagonist.49,50 Specific interactions 

between these three segments have not been described, nor do these segments share the highest 

nucleotide or amino acid identity of the ten segments between the BTV-2 and BTV-10 used in 

our study. At least for segments 5 and 9, it appears that a BTV-2 backbone virus can accept these 

segments from either parental strain successfully.  

As BTV-10 segment 6 was not identified in any of our plaques, it is difficult to draw 

conclusions about possible linkages between this segment and others. This highlights another 

key finding from our study – namely, that plaque assays failed to fully capture the genetic 

diversity present in our viral populations. Individual plaque genotypes largely corresponded with 

metagenomic sequencing findings, but we found that certain segments that were present at high 

levels by whole genome sequencing (e.g., BTV-10 segment 6) were not detected among our 

plaque-isolated viruses. While it is possible that the trends detected via our whole genome 

sequencing approach were due to the detection of non-viable viruses, we believe it is more likely 

that the differences between our metagenomic sequencing and plaque-based assays are 

attributable to inherent variations in the replication kinetics and phenotypes of reassortant 

viruses. Indeed, the persistence of these segments (e.g.., segment 6 from BTV-10) over multiple 

passages indicates that viruses carrying these “undetected” segments are either directly viable or 

viable via complementation with other viruses.  
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Not only does this emphasize the importance of whole genome sequencing in capturing 

viral population composition, but it also demonstrates that complete reliance upon plaque assays 

to understand reassortment may fail to detect important trends in segment frequencies. 

Corroborating this further, we found an overrepresentation of reassortant isolates with 

BTV-10 segment 10. While our WGS data indicated that BTV-10 segment 10 was actually the 

minor allele present in the population, selection of individual plaques seemed to 

disproportionately favor plaques with BTV-10 segment 10. In early experiments based on 

electropherotype using BTV-10 (BT-8) and BTV-17 (strain 262) in Vero cells, Ramig et al. 

found a higher than expected number of reassortant plaques with BTV-10 segment 10, even 

when BTV-10 was added at a lower MOI.17 They also found that segment 8 was significantly 

more likely to be contributed by the opposite virus (BTV-17). Similar findings were noted in 

Culicoides variipennis (now sonorensis) coinfections.16,17  

 The NS3/3a protein, encoded by segment 10, is associated with the development of CPE 

in mammalian cells, due in part to its viroporin-like activity.51 Some groups have shown that 

single-amino acid residue changes in NS3 affect the development of CPE in vitro, as well as the 

virulence of BTV in IFNAR-/- mice.52 The frequent detection of plaques with BTV-10 segment 

10 in our study and others, therefore, may be related to a more dramatic viroporin activity and 

CPE phenotype generated by viruses incorporating BTV-10 segment 10 compared to BTV-2’s 

segment 10. 

The MOI which we used for coinfection (0.1 TCID50 of each virus) may have impacted 

the occurrence of reassortment and the segment-specific trends that we detected. For other 

segmented viruses such as influenza, higher MOIs are linked with increased frequency of 

reassortment, so we may have detected different trends had we used a different MOI.53 The 
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biological relevance of very high MOIs for either mammalian or insect BTV infection is 

questionable given the small volumes of blood ingested and expectorate released during 

Culicoides feeding. However, repeated experiments with higher MOIs are warranted to 

investigate this phenomenon further.  

 In terms of the broader ecological relevance of this work, certain details are of note, 

particularly in reference to our selection of BTV-2 as one of the two strains used here. BTV-2 

was first detected in the U.S. in 1982 in Florida.25 It has been infrequently identified on 

subsequent occasions, most commonly in Florida and the southeast.23,54,55 In 2010, BTV-2 was 

isolated from a dairy heifer in California, leading to concerns about the expansion of this virus 

throughout more of North America.24,56 BTV-2 is now considered enzootic in the U.S., but it has 

remained limited in its distribution. While underlying causes remain poorly understood, various 

factors including reduced vector competence of C. sonorensis – the predominant vector species 

of BTV in the U.S. – for BTV-2 likely contribute to this phenomenon.23,24,57 Importantly, our 

finding of reassortment between BTV-2 and BTV-10 indicates that this virus has the ability to 

reassort with other enzootic strains of BTV, potentially allowing for expansion of a reassortant 

BTV-2 to areas where this virus has previously failed to circulate. Vector competence studies 

focusing on reassortant BTV-2 viruses are necessary to better estimate the risk that this poses.  

The ATCC strain of BTV-2 has not been fully sequenced prior to this study, although it is 

putatively related to the OnaB strain of BTV-2, one of two BTV-2 electropherotypes isolated 

from sentinel cattle in Florida in 1982.25,26 Various groups have sequenced portions of the OnaB 

BTV-2, although the putative OnaB strain was isolated multiple times from different animals in 

1982 and 1983 (and again, later in Florida), and it is not clear whether all “1982 OnaB” strains 

are identical at the nucleotide level (despite their shared electropherotype).23,26,54,58,59 Whole 
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genome sequencing of BTV-2 VR-983 revealed high identity with the 2010 BTV-2 isolate from 

California (GenBank: JQ822248-JQ822257) across all ten genome segments (99.8-100% 

nucleotide identity).24 Consistent with the findings for BTV-2 California 2010, our sequences for 

BTV-2 VR-983 were nearly identical to the reported sequences for BTV-2 Florida 1982 OnaB 

across segments 4-10, while segments 1, 2, and 3 were not.24 However, the identities of the 

specific, U.S.-origin BTV-2 viruses used to generate some of the sequences for segments 1-3 are 

not always clear.59–61 This highlights the important role that WGS can play in establishing the 

genetic identity of all ten segments of BTV’s dsRNA, and refines our ability to characterize the 

various BTV-2 strains that were originally isolated from 1982 Florida samples by a variety of 

techniques. The whole genome sequence determined for the ATCC strain of BTV-2 (VR-983) – 

which was last propagated in our lab in 2005 – is >99.8% identical to the 2010 California isolate 

of BTV-2, suggesting that this particular BTV-2 strain has been present in the U.S. prior to its 

initial detection on a California dairy in 2010.  

Finally, metagenomic sequencing coupled with amplicon-based genotyping of plaques is 

a highly useful approach for investigating reassortment in a rapid, cost-efficient manner. Our 

findings highlight the utility of WGS in reassortment studies, especially when considering 

viruses with a relatively large number of segments, such as those in the family Reoviridae. BTV, 

with ten genome segments, can generate up to 1,024 possible reassortants in the case of two co-

infecting viruses. Robust analysis of population make-up during BTV coinfection using standard 

plaque assay-based methods thus requires thousands of individual plaques to be genotyped, 

rapidly becoming both labor- and cost-prohibitive in most cases. Even then, this premise is based 

on the assumption that all viable viruses generate plaques on the selected cell type, which is not 

necessarily valid. As such, WGS becomes a useful tool for detecting population-wide shifts in 
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segment frequencies secondary to coinfection and provides a lens into potential reassortment 

events that arise, broadening our understanding of the global segment trends that accompany this 

important feature of segmented viruses. 
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TABLES AND FIGURES 

 

Table 3.1 – Pairwise Identity of BTV-2 and BTV-10. 

 

 

 

 

 

 

Figure 3.1 – Parental Strains have Similar Growth Kinetics. BTV-2 and BTV-10 
demonstrate similar growth kinetics in BHK 21 cells. Growth curves were performed in 
duplicate, with a starting MOI of 0.2 TCID50/ml. Supernatant was collected at 1, 6, 12, 24, 48, 
and 72 hr post infection and TCID50s were performed at each time point to determine infectious 
titer.  
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Table 3.2 – Coding Sequence Coverage, All Samples. CDS = coding sequence.   

 



100 
 

  

 

Figure 3.2 – Whole Genome Sequencing Reveals Global Shifts in Segment Frequencies. 

Metagenomic sequencing shows distinct trends across segments 1-10 during BTV-2+10 
coinfection over seven passages. Percent of total viral reads per segment aligning to either input 
strain are shown. Error bars depict mean and range across replicates.
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Figure 3.3 – Plaque Genotypes Demonstrate Selection for BTV-2 Segments. Plaque genotypes from passages 1, 3, and 7 
demonstrate a dominant BTV-2 backbone that accepts certain segments from BTV-10. Each column represents the full ten segments 
of an individual plaque. Plaques isolated from each replicate are demarcated by white margins. 



102 
 

 
Figure 3.4 – Amplicon-based Genotyping Corroborates Metagenomic Sequencing Trends, 

but Reveals Potential Biases of Plaque Assays. Cumulative data across all coinfection 
replicates was used to create relative % of plaques with each segment represented by either input 
virus (BTV-2 vs. BTV-10).  
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Figure 3.5 – Effective Diversity Increases by Passages 3 and 7. Hills N2 and effective 
diversity is increased by passages 3 and 7 in co-infected cultures (* p = 0.02, ** p = 0.009; 
paired t-test). Each replicate is depicted, with mean and standard deviation shown for each 
passage.   
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 CHAPTER 4 –INFECTION OF CULICOIDES SONORENSIS WITH ENDEMIC STRAINS  
 

OF BLUETONGUE VIRUS DEMONSTRATES TEMPERATURE- AND VIRUS-SPECIFIC 
 

 EFFECTS ON VIROGENESIS 
 
 
 

Introduction 

 
 Arboviruses represent one of several important types of pathogens anticipated to increase 

in range and frequency with the progression of climate change.1,2  These viruses are transmitted 

by arthropod vectors and represent an emergent disease threat to both human and animal 

populations in many parts of the world. Bluetongue virus (BTV), the type species of genus 

Orbivirus (family Reoviridae), is an arboviral disease of ruminants that is transmitted by biting 

midges of the Culicoides genus (Diptera: Ceratopogonidae). BTV can affect both wild and 

domestic ruminants and severe disease is characterized by symptoms reflective of the virus’s 

ability to cause profound vasculitis.3 Animals may develop high fevers, edema, coronitis, 

mucosal erosions, and respiratory distress, among other signs.4 Production declines, animal 

losses, and trade restrictions contribute to BTV’s significant economic impact.5  

 BTV has classically been distributed throughout much of the tropics and subtropics, with 

seasonal circulation in more temperate regions ranging from approximately 35° South to 40° 

North.6,7 The virus’s range is defined by the presence of any of a large number of competent 

vector species of the genus Culicoides. More than 1,300 species of Culicoides exist worldwide, 

but to date only approximately 30 species have been demonstrated to transmit BTV.8–10 Of the 

numerous species of Culicoides present in North America (>150), only a handful are considered 

to be key BTV vectors.11,12 These include Culicoides sonorensis, which is the predominant BTV 

vector in North America, and C. insignis.13–16 While C. sonorensis is distributed throughout 
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much of the United States (U.S.), C. insignis localizes to the southeast U.S., predominantly 

Florida.17 

 BTV serotype is defined by the VP2 outer capsid protein, which is the major antigenic 

determinant of this virus. Of 29 currently described serotypes of BTV, C. sonorensis and C. 

insignis are implicated in the spread of five enzootic serotypes found in North America: BTV-2, 

BTV-10, BTV-11, BTV-13, and BTV-17.18 BTV-3 is considered an exotic serotype, but recently 

seems to have established a presence throughout the southeastern and central regions of the 

U.S.19   

 The VP2 protein is encoded by one of ten genomic segments of double-stranded RNA 

(segment 2) that make up the BTV genetic structure. BTV’s segmented genome provides this 

virus and related viruses an additional mechanism of genetic diversification beyond the 

accumulation of mutations or recombination. Reassortment is a phenomenon that can occur 

during coinfection, where progeny viruses inherit genome segments from more than one parent 

virus.20 Reassortment plays an important role in the overall genetic diversification of bluetongue 

virus and its relatives, as has been demonstrated both in vitro and in vivo.21–28 While 

reassortment is known to occur in both the insect vector and ruminant hosts, the features that 

contribute to and modulate the occurrence of this phenomenon are only somewhat understood.  

 Various groups have shown that climatic conditions such as temperature have an 

important effect on vectorial life traits and the rate of BTV virogenesis in the vector, with higher 

temperatures being associated with more rapid BTV replication.29–32 This is important for a 

number of reasons in terms of ensuring accurate predictive strategies and mitigation efforts (i.e., 

predicting BTV circulation during peak temperature seasons), in addition to assessing the 
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potential impacts of progressive climate change. Warmer climates are likely to result in shifts in 

vector distributions and may enhance BTV transmission.  

 How temperature affects viral reassortment in the vector is unknown. More rapid 

virogenesis at higher temperatures would presumably be associated with increased rates of viral 

reassortment, but this has not been investigated. The potential for extensive BTV reassortment 

and its association with temperature could significantly impact surveillance and mitigation 

strategies, as well as our understanding of how BTV may spread to naive populations and the 

likelihood of reassortant BTV viruses affecting animals in otherwise enzootic areas.  

Here, we investigate the effect of temperature on the reassortment of two enzootic BTV 

strains – BTV-2 and BTV-10 – in laboratory-reared Culicoides sonorensis. Among other things, 

we find that BTV-2 replicates poorly in C. sonorensis, highlighting potential reasons why this 

BTV serotype has failed to expand widely across North America despite its persistence in the 

Southeast. However, in some instances, BTV-2 did appear to replicate, particularly when C. 

sonorensis were infected at higher titers of virus. When taken together with other work from our 

lab that BTV-2 and BTV-10 can reassort readily in vitro, these findings indicate that  

reassortment between BTV-2 and BTV-10 may not only be feasible, but may provide an 

opportunity for segments from BTV-2 to become more widespread in North America.  

Materials and Methods 

Viruses 

BTV-10 California 1952 (strain 8, ATCC VR-187) and BTV-2 Florida 1982 (ATCC VR-

983) were obtained from ATCC and had been passed eight times and four times in BHK 21 cells, 

respectively.33–35 Whole genome sequences of each virus were previously determined by our lab 

(Chapter 3).   
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Infectious titers were estimated via 50% tissue culture infectious dose (TCID50). Briefly, 

ten-fold dilutions of each virus were prepared and 50 µl of each dilution was introduced in 

triplicate to a 96-well microtitration plate. BHK 21 cells were added (1.55 x 104 cells per well) 

along with 50 µl EMEM, and virus and cells were incubated at 37°C with 5% CO2 for 96 hours. 

At 96 hrs, cells were stained with crystal violet solution, and infectious titer of each virus was 

determined using the Reed-Muench equation.36  

BTV-2 and BTV-10 infection in Culicoides cell line 

Previous results from our lab show that BTV-2 and BTV-10 grow similarly and are able 

to reassort in BHK 21 cells. However, since this may be a cell-type specific phenomenon, we 

opted to examine the replication kinetics of these viruses in CuVaW3 cells as a way to better 

estimate the overall susceptibility of Culicoides sonorensis to BTV-2 and BTV-10.37  

The CuVaW3 line is derived from Culicoides sonorensis embryos from the Ausman 

colony, which was isolated in Weld Co., Colorado.37 One-step viral growth curves were 

performed for each virus at an MOI of ~0.2 TCID50. BTV-2 and BTV-10 were used to inoculate 

confluent monolayers of CuVaW3 cells in duplicate. One ml of inoculum was added to each 

flask (25 cm2) and incubated for 1 hr at 27°C with frequent rocking. An additional 4 ml of 

maintenance media (modified from Wechsler et al., Appendix 1) was added to each flask after 

incubation, and infected cells were maintained at 27°C with no CO2 supplementation.38 Five 

hundred µl of viral supernatant was collected from each flask at 2, 6, 12, 24, 48, 72, and 96 hr 

post-inoculation and immediately stored at -80°C until TCID50s could be performed. 

Appropriate negative controls were included at each step.  
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Culicoides maintenance and infection 

One-to-two day old Culicoides sonorensis from the AK colony (isolated in Idaho in 1973 

and maintained at USDA ARS, Manhattan, KS) were obtained from USDA ARS and allowed to 

acclimate for at least 24 hr at 25°C on a 12:12 light cycle with 10% sugar water provided ad 

libitum prior to being infected with BTV via virus-spiked blood meal.39,40 C. sonorensis were 3-4 

days old at feeding.  

Defibrinated sheep blood (Hemostat Laboratories, Dixon, CA, or Lampire Biological 

Laboratories, Everett, PA) was screened for BTV virus and antibodies via qRT-PCR and 

cELISA (VMRD, Pullman WA), respectively. Blood was then spiked with BTV and was made 

available to Culicoides in glass bell feeders through parafilm membranes. During feeding, blood 

was maintained at 37°C. Culicoides were allowed to feed for 1 hr 30 min to permit as many 

females as possible the opportunity to consume a blood meal. Following this, Culicoides were 

chilled at -20°C for 5 min and then sorted into groups using a modified chill table. Only blood-

fed females were retained. These were divided into groups of several hundred Culicoides per 

container based on BTV infection status (Table 4.1). Five to ten blood-fed females were 

immediately harvested from each group (BTV-2 only, BTV-10 only, BTV-2+10, and negative) 

and screened for uptake of virus via BTV qRT-PCR.  

Containers were made of non-treated paper tubes (Rigid Paper Tube Corporation, Wayne, 

NJ) with sheer pantyhose over the lid to permit air exchange and feeding. Sugar water (10% w/v) 

was available at all times via a cotton wick in each container. Culicoides were offered a BTV-

negative blood meal for ~30 min every 3-4 days as above, and were maintained at one of three 

temperatures (20°C, 25°C, 30°C) with a 12:12 light cycle for the remainder of the experiment.  
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Initial experiments were performed in two parts due to limitations in the number of 

Culicoides that could be obtained and housed at one time. BTV-2+10 coinfection experiments 

were performed first (Experiment 1), followed by BTV-2 and BTV-10 single infections and 

survival experiments (Experiment 2) (Table 4.1). The same BTV stocks were used for each 

iteration of experiments, and negative control groups were included with each.  

Culicoides collections 

Following initial infection, subsets of blood-fed females were collected over the course of 

two to three weeks. Our goal was to track BTV virogenesis via qRT-PCR across temperatures 

and time, in addition to determining whether the temperature at which midges were held (20°C, 

25°C, or 30°C) would affect the generation of reassortant BTV.  

 For both singly exposed (BTV-2 or BTV-10) and co-exposed (BTV-2+10) groups, five 

Culicoides were collected in triplicate from each temperature every other day until there were no 

midges remaining. Five midges from the negative group were also collected approximately 

weekly to ensure that they remained BTV-negative throughout the course of the study (data not 

shown). After collection, Culicoides were immediately stored at -80°C until further analysis 

(qRT-PCR).  

 Starting on day 3, and then continuing every four days until the end of the experiment, 

groups of n=10 midges from the BTV-2+10 co-exposed group were collected in triplicate from 

each temperature for plaque assays. Quantitative RT-PCR was also performed on midges from 

these time points.  

 In both cases, bugs were vigorously homogenized with a sterile pestle in Eagle’s 

Minimum Essential Medium (EMEM) at a volume of 50 µl per midge (ie, 250 µl for groups of 

n=5 and 500 µl for groups of n=10). Homogenates were centrifuged briefly, and then 50 µl of 
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supernatant was collected for qRT-PCR and stored at -80°C until extractions were performed. 

For the co-exposed groups of n=10 bugs, 400 µl of homogenate was sterile-filtered (0.22 µM 

Millex-GV syringe filter, MilliporeSigma, Burlington, MA) and diluted further in EMEM at 1:2, 

1:10, 1:100, 1:1,000, and 1:10,000 dilutions for plaque assays, which were performed 

immediately after collection.  

Plaque assays 

BHK 21 cells were seeded in 6-well plates 48 hr prior to setting up plaque assays (1.0 x 

105 cells/well). Cells were maintained in EMEM with 10% heat-inactivated fetal bovine serum 

(FBS), 10% tryptose phosphate broth, and 1% penicillin streptomycin (10,000 U/ml). Cells were 

kept at 37°C with 5% CO2 supplementation.  

Confluent monolayers were washed once with PBS pH 7.4 prior to inoculation with 

dilutions of Culicoides homogenate. Five hundred µl of each dilution was added to a well and 

incubated for 1 hr at 37°C with frequent rocking to disperse the virus. After incubation, the 

inoculum was removed and cells were washed once with PBS pH 7.4, followed by overlay of 

with 2 ml of 3:1 BHK media:2% agarose in Earle’s Buffered Salt Solution (EBSS). Plates were 

incubated at 37°C for 96 hr, or until plaques became evident. At this time, 1 ml of overlay (3:1 

BHK media:2% agarose in EBSS with ~0.1% neutral red stain) was added. Plaques were picked 

8-24 hr after the second overlay when plaques were visibly apparent. Agarose plugs were taken 

from well-isolated plaques and were propagated in individual wells of a 24- or 48-well plate with 

BHK 21 cells (4.65 x 104 per well). Propagated virus was harvested when cytopathic effect 

(CPE) was advanced; harvested viruses were promptly stored at -80°C until further analysis.  
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Extraction and DNase treatment 

Nucleic acids were extracted from Culicoides homogenates and viral supernatants using 

Applied Biosystem’s MagMAX RNA/DNA Pathogen kit (Invitrogen, Carlsbad, CA) according 

to manufacturer’s instructions. Extractions were performed either manually or using the 

KingFisher Flex robot (Thermo Fisher, Waltham, MA).  

 Extracted insect homogenates were treated with DNase 1, RNase free (Thermo Fisher). 

Briefly, 12 µl of extracted nucleic acid from each sample was treated with 2 µl of DNase 1 and 2 

µl of 10X buffer. Samples were incubated at 37°C x 30 min, and then 2 µl of EDTA was added 

to each sample and heated at 65°C x 10 min to inactivate the DNase.  

qRT-PCR 

Extracted, DNased samples were subsequently screened in duplicate for the presence of 

BTV using a universal BTV qRT-PCR that detects BTV segment 10 as previously described 

using SuperScript III One-step qRT-PCR reagents (Thermo Fisher) at half-reaction volumes.41  

 To normalize any variations in extraction efficiency, a qRT-PCR based on Culicoides 

mitochondrial cytochrome c oxidase subunit 1 (cox1) was also performed in duplicate on each 

sample. Primers were selected based on previously published work (BFculicFm and C1-N-2191) 

and a HEX-based probe (3’HEX- TGAATACTT/ZEN/CCTCCTTCTCTTTCTT - 3IABkFQ/5’, 

Integrated DNA Technologies, Coralville, IA) was designed based on GenBank sequences of this 

gene using Geneious v.10.2.2.42–44 SuperScript III One-step qRT-PCR reagents and volumes 

were the same as those used for BTV qRT-PCR, except samples did not undergo the initial 95°C 

denaturation step in the presence of primers, as was performed for BTV.41 Appropriate positive 

and negative controls for both BTV and Culicoides cox1 were run with each plate. A no-reverse 
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transcriptase (no-RT) control was run to confirm that DNAse treatment was effective (ie, no 

amplification of cox1 in absence of reverse transcriptase).  

 To ensure that the BTV qPCR and Culicoides cox1 qPCR were comparable, we ran side-

by-side qPCRs in triplicate on serial dilutions of extracted, DNased, BTV-infected midges to 

determine the relative efficiencies of each primer/probe set. Both targets had similar slopes and 

efficiencies (R2 = 0.99 for both BTV and cox1) under the qPCR conditions used (Appendix 5). 

To correct for any variations in extraction efficiency, BTV Ct values were normalized by 

Culicoides cox1 using the ΔCt method based on mean Ct values for BTV and cox1 for each 

sample.  

BTV segment-specific sequencing of plaques 

The genotype of individual plaques propagated from co-exposed bugs was then 

determined using a novel, amplicon-based sequencing approach that can rapidly distinguish 

between BTV-2 and BTV-10 across all ten segments of genomic dsRNA. As described in 

Chapter 3, we used a two-step PCR approach to create amplicons of regions of each BTV-2 and 

BTV-10 segment that could be differentiated by several non-homologous nucleotides within 

each amplified sequence. Briefly, 2 µl of nucleic acid from propagated viruses (isolated from 

BTV-2+10 co-exposed Culicoides) was used as input. Primer combinations and concentrations 

were as those described in Chapter 2, except with slight variations in round one primer 

concentrations (Appendix 6). Bioinformatics analysis and processing were as described in 

Chapter 2.  

In some cases, segment 2 did not receive sufficient sequencing reads. In these cases, 

segment 2-based, serotype-specific qRT-PCR was performed on extracted plaques as described 

in Chapter 5.45  
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Exposure of Culicoides to high titer BTV-2 

BTV-2 did not grow well in C. sonorensis at the titer used in Experiments 1 and 2. To 

test whether we could successfully infect C. sonorensis by increasing the viral titer delivered in 

the blood meal. We infected smaller groups of C. sonorensis at titers 30- and 50-fold higher than 

our initial dose (BTV-2 LO: 3.06 x 106, and BTV-2 HI: 5.1 x 106 TCID50/ml, respectively). 

Infected midges (n = 127 for BTV-2 LO; n = 87 for BTV-2 HI) were then held at 25C on a 12:12 

light cycle and provided a negative blood meal every 3-4 days as outlined for earlier infections. 

Duplicate groups of n = 50 midges infected at the low and high dose were also maintained to 

monitor survival at the different titers. Experiments were terminated at day 14, as our earlier 

experiments had shown that midges held at 25°C demonstrated productive virogenesis several 

days before this time point.  

At days 7, 11, and 14 post blood meal, we harvested four groups of n = 5 Culicoides from 

each group (BTV-2 LO and BTV-2 HI) for screening via BTV qRT-PCR. At day 14, a group of 

n = 5 bugs from each group was homogenized in EMEM and filtered as described for plaque 

assay preparation. Insect homogenates were subsequently used to inoculate confluent 25cm2 

flasks of BHK 21 cells. Culicoides homogenate was diluted in EMEM to reach a total volume of 

1 ml, which was used to inoculate monolayers. The monolayers were incubated along with virus 

for 1 hr at 37°C, and then an additional 4 ml of maintenance media was added to each flask. 

Flasks were incubated for 96 hr and monitored for the development of cytopathic effect (CPE) 

daily. If flasks developed CPE, virus and cells were harvested for extraction and BTV qRT-PCR 

as described above. BTV serotype was confirmed using the same qRT-PCR protocol described 

above, except with serotype-specific, segment 2-based primers and probe designed to detect 

BTV-2.45  
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Results 

BTV-2 and BTV-10 exhibit similar replication kinetics in Culicoides-derived cell line 

Previous work from our lab has demonstrated that BTV-2 and BTV-10 have similar 

growth kinetics in BHK 21 cells. However, as BHK 21 cells are a non-native cell type for BTV, 

we wanted to establish whether these viruses could replicate to the same level in Culicoides-

derived cells to better approximate the virus-host interactions present in our in vivo infection 

experiments. When infected at an MOI of ~0.2 TCID50, CuVaW3 cells supported similar growth 

kinetics for both BTV-2 and BTV-10 (Figure 4.1).  

BTV-2 replicates poorly compared to BTV-10 in C. sonorensis 

We then used these same virus stocks to infect C. sonorensis midges through an infective 

blood meal at a total dose of ~1 x 105 TCID50/ml. Midges were infected with either BTV-2, 

BTV-10, or BTV-2+10 and held at one of three temperatures (20°C, 25°C, or 30°C) for the 

remainder of the experiment. Quantitative RT-PCR was used to track BTV virogenesis for each 

virus or virus combination in pools of bugs, and BTV Ct values were normalized by Culicoides 

cox1 Ct values (ΔCt) to account for any variations in extraction efficiency between samples.  

 Midges infected with BTV-10 or BTV-2+10 demonstrated signs of productive 

virogenesis (i.e., Ct values lower than day 0 infection levels) during the course of the experiment 

as early as day 4 post-infection in the higher temperature groups (Figure 4.2). In contrast, at no 

time point did the Ct values of midges infected with BTV-2 drop below baseline values, 

regardless of temperature (Figures 4.2-4.4). 

 We then attempted to infect smaller groups of C. sonorensis with higher titers of BTV-2 

(~3 x 106 and 5 x 106) to see if midges were susceptible at higher doses of virus. Interestingly, 

we found that some pools of midges did demonstrate productive virogenesis when exposed to 
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titers 30- or 50-fold higher than our initial single-virus infection experiments. At day 7, one of 

four pools from our highest dose (BTV-2 HI) had BTV Ct values that approached baseline Ct 

values. An analogous finding was identified in a single pool from the BTV-2 LO group on day 

14. Survival rates were similar between BTV-2 HI and BTV-2 LO groups (data not shown).   

Temperature affects BTV replication in C. sonorensis, with higher temperatures generating more 

rapid virogenesis 

Midges infected with BTV-2, BTV-10, and BTV-2+10 were screened in pools of n=5 in 

triplicate at regular intervals over the course of infection via BTV qRT-PCR to detect productive 

virogenesis. Our goal was to better understand how temperature affects BTV virogenesis 

(specifically of BTV-2 and BTV-10) and to determine whether different temperatures affected 

the occurrence of reassortment. Homogenates from midges prepared for plaque assays (n=10 per 

pool, days 3, 7, 11, 15, 19, and 23) were also extracted and screened for BTV via qRT-PCR. All 

samples were normalized by Culicoides mitochondrial cox1 qRT-PCR values to obtain a ΔCt 

value. Normalized BTV Ct values were calculated using the ΔCt method (CtBTV - Ctcox1 = 

ΔCtnormalized). To make figures more intuitive, values were expressed as -ΔCt. 

 Rate of blood meal digestion appeared to vary between incubation temperatures. While 

BTV rapidly reached near-undetectable limits in midges held at 30°C early in infection (by day 

2), Culicoides held at 20°C reached comparable BTV Ct values only at 4 days post-blood meal 

(Figure 4.5). Insects held at 25°C also demonstrated slightly slower rates of BTV digestion than 

those at 30°C, although they were overall comparable between the two upper temperatures. 

Normalized BTV Ct values for 20°C midge pools were statistically lower (i.e., more virus still 

present) at day 2 post-infection than 25°C or 30°C midge pools (p < 0.003, two-way ANOVA 
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with Tukey’s post-hoc), and significantly higher (i.e., less virus present) BTV Ct values at day 4 

post-infection compared to 30°C midges (p < 0.005).  

Productive BTV virogenesis was considered to exist when cox1-normalized BTV Ct 

values dropped below the baseline BTV Ct level (determined as the mean normalized BTV Ct 

value from day 0 post-blood meal: ΔCt = 7.5). At 30°C, productive virogenesis was first detected 

on day 4 for BTV-10 and BTV-2+10 (Figure 4.2). For midges at 25°C, productive BTV-10 

virogenesis was first detected on day 10, and in the co-exposed group at day 8 (Figure 3). 

Midges held at 20°C only demonstrated decreased BTV Ct values starting at days 15 and 16 for 

BTV-2+10 and BTV-10, respectively (Figure 4.4).  

 Linear regressions were used to analyze the rate of virogenesis for each virus and 

temperature. Samples with undetectable BTV via qPCR were excluded from these calculations. 

Regressions were calculated based on -ΔCt values starting at the day where BTV copy numbers 

were at their lowest point to account for variations in rate of blood meal digestion. Linear 

regressions demonstrate that BTV virogenesis is more rapid at 30°C than at lower temperatures. 

In addition, a greater proportion insect pools demonstrated productive virogenesis among 30°C 

groups compared to 20°C or 25°C groups (Figure 4.6).  

 In experiments with lower titer exposure, BTV-2 exposed insects failed to demonstrate 

productive virus replication, although BTV-2 was still detectable by qPCR in many of our pools, 

particularly at early time points. Interestingly, BTV-2 Ct values became largely undetectable 

around the same time points that BTV-10 and BTV-2+10 began to reach levels indicative of 

productive virogenesis at each respective temperature.  
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Temperature affects midge survival rates, regardless of BTV infection status 

To establish whether BTV infection affected midge survival, we performed survival 

experiments in duplicate with each virus (BTV-2, BTV-10, BTV-2+10, negative) at each 

temperature. Groups of n=50 Culicoides per container were maintained at the same temperatures 

(20°C, 25°C, 30°C) as experimental groups, but were only used to count the number of midges 

that died each day.  

 Midges at 30°C died at faster rates than either of the lower temperatures, regardless of 

infection status (Figure 4.7). Those held at 25°C died at similar rates to those at 30°C, although 

delayed by a day or two, and infection status did not seem to affect survival rates. Insects at 20°C 

survived the longest across all infection types. While Culicoides with single-virus infections 

survived at similar rates across the experiment at 20°C, co-exposed midges died at a faster rate 

initially compared to uninfected and singly infected insects. Insects that took a BTV-negative 

blood meal and held at 20°C survived the longest of all groups, and had higher survival rates 

than infected Culicoides held at the same temperature.  

 BTV-2 and 10 reassortment is infrequent or absent in C. sonorensis 

Pools of co-exposed midges from each temperature were prepared in triplicate for plaque 

assays every four days during the course of the experiment. Plaques were first isolated from 

Culicoides at 25°C and 30°C on day 7, and from Culicoides at 20°C on day 11 (Table 4.2). 

Thereafter, plaques were detected from one or more pools of insects from all temperatures at 

each time point (until no midges were remaining at a respective temperature). Occasionally, 

infrequent plaques (e.g., <5 at lowest dilutions) were detected from pools of midges with low 

viral copy numbers, although these were not considered to be “productive virogenesis.”   
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 Plaques were propagated once on BHK 21 cells and then selected plaques were prepared 

for genotyping via amplicon-based sequencing. As midges at all temperatures generated plaques 

by day 11, we randomly selected 23 plaques from 20°C midges, 27 from 25°C midges, and 9 

plaques from 30°C midges from day 11 for genotyping. Of these, 20/23, 25/27, and 9/9 plaques 

from the 20°C, 25°C, and 30°C groups, respectively, had at least 8/10 segments successfully 

genotyped. Initial results demonstrated that 92% of 540 possible segments were derived from 

BTV-10. No plaques demonstrated any segments derived from BTV-2, although the amplicon 

assay failed to detect 8% of all segments (Figure 4.8).  

 As a follow up and to determine whether reassortment might be more likely after a longer 

incubation period, we screened 12 randomly selected plaques from day 23 midges that had been 

maintained at 20°C. Of these, all plaques demonstrated at least 9/10 segments derived from 

BTV-10 (Figure 4.9). A high percentage (50%) of plaques failed to generate reads aligning to 

either parent strain for segment 2. One plaque had a minimal number of reads aligning to BTV-2 

for segment 2, although no other plaques demonstrated any BTV-2-derived segments.  

Discussion 

Understanding how temperature affects virogenesis and reassortment among BTV strains 

is vital for our ability to accurately predict potential BTV incursions and epizootics, both in 

North America and worldwide. While temperature has a well-described effect on the extrinsic 

incubation period (EIP) of various vector-borne diseases including BTV, little is known in regard 

to how or whether environmental factors such as temperature can affect the frequency of 

reassortment among segmented arboviruses.30,31,46–48 This study, therefore, represents one of the 

first attempts to better characterize the impact of temperature on rates of reassortment in 

arthropod vectors.  
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Two previous studies have assessed whether C. sonorensis midges are competent vectors 

for BTV-2, yet found differing results.49 An initial study carried out shortly after BTV-2 was first 

detected in Florida in 1982 was performed using two strains of BTV-2, one of which was the 

BTV-2 OnaB 1982 strain.50 This is putatively the same strain as that which was deposited at 

ATCC and subsequently used in our study. Consistent with our findings, very low rates of 

infection were found in C. sonorensis (~2%, from the AA, or Sonora, colony in this early 

study).50,51  However, the viral titers used to infect midges in this experiment were not specified.  

Subsequently, Tanya et al. used C. sonorensis from an unspecified colony to investigate 

their competence for BTV-2 OnaB 1983.49 This isolate of BTV-2 was also detected in Ona, FL, 

but from a different year than the isolate used in the prior study. While the electropherotype of 

BTV-2 OnaB 1982 and BTV-2 OnaB 1983 were reportedly the same, no sequencing data 

currently exists to confirm this.52 Tanya et al. found that BTV-2 OnaB 1983 was readily 

transmitted to sheep from infected midges, and that the oral infection rate of C. sonorensis was 

~46% when blood meal BTV titers were 4.5 log10.49 This titer of BTV-2 is less than what was 

provided to midges in our experiments, and significantly less than the high titer doses we 

eventually used. Collectively, these conflicting findings highlight the numerous factors that can 

impact the likelihood of productive BTV infection following oral exposure to this virus.  

While our overarching findings failed to directly address the question of the effect of 

temperature on reassortment, we nonetheless obtained valuable information regarding BTV 

virogenesis in C. sonorensis. Similar to early findings with BTV-2, our study highlights the role 

that host species may play in the overall transmission and dispersion of various strains of BTV. It 

implicates poor infectability of BTV-2 in C. sonorensis – the predominant BTV vector in North 

America – as a primary factor for the failure of this particular serotype to become widely 
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established in the U.S.53 Given that BTV-2 continues to circulate in the southeast U.S., 

particularly in Florida, where the BTV-2-competent vector C. insignis exists, it is likely that this 

vector species plays a key role in the circulation and range of BTV strains.54  The expansion of 

C. insignis and reports of BTV-2 reassortment in vitro (Chapter 3) and in the field allude to 

potential increases in the range of this serotype within North America.17,53 A better 

understanding of the likelihood of BTV reassortment in C. insignis is fundamental as we 

approach questions involving BTV evolution and ecology in North America.  

The C. sonorensis midges infected in our study demonstrated much higher rates of 

infection with BTV-10 compared to BTV-2. We suspect that the productive virogenesis detected 

in our midges infected with BTV-2+10 predominantly reflects the replication of BTV-10, as 

implied by the findings of our plaque genotyping assay.  

Viruses must overcome a variety of barriers to successfully infect an arthropod host and 

eventually become transmissible. These include the mesenteron infection barrier, the mesenteron 

escape barrier, the salivary gland infection barrier, and the salivary gland escape barrier.55–57 

Culicoides are also believed to have a dissemination barrier that restricts BTV replication beyond 

the gut cells.55 Our findings indicate that BTV-2 OnaB 1982 may only rarely be able to 

overcome the mesenteron escape barrier in C. sonorensis from the AK colony, given that BTV 

Ct values never indicated productive BTV-2 virogenesis at biologically relevant oral infection 

titers. Interestingly, the VP7 protein (encoded by segment 7) – which is responsible for viral core 

particle binding to Culicoides cells – has an identical amino acid sequence between the BTV-10 

and BTV-2 strains used in our study.58,59  This implies that additional factors beyond successful 

VP7-mediated cell binding likely modulate BTV-2’s ability to effectively infect Culicoides 
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sonorensis. Additional studies with intrathoracic inoculation of midges are warranted to better 

understand these barriers to infection.  

We observed differing rates of Culicoides death at different temperatures, which was 

largely independent of infection status. This is consistent with findings from other vector studies, 

predominantly in mosquitoes, where higher incubation temperatures drive more rapid vector 

mortality.47,60 At our lowest temperature (20°C), however, we detected distinctions in mortality 

rate between non-infected, singly-infected, and co-exposed midges. Similar findings have been 

noted subsequent to arboviral infections in mosquito vectors, although these trends were only 

noted at our lowest incubation temperature.61–63 Increased mortality at 20°C may be associated 

with reduced ability to control viral infection at lower temperatures. Notably, this trend was 

present among midges infected with BTV-2 as well as BTV-10, particularly from day 10 

forward. The most dramatic mortality rate was detected in midges co-exposed to BTV-2+10. 

Collectively, these findings suggest that there may be an important interaction between infection 

status, temperature, and vector survival. Despite the rare incidence of successful BTV-2 infection 

in midges in our initial experiments, it appears that exposure to BTV-2 at sub-infective doses 

may nonetheless affect midge survival at cooler temperatures, alluding to other potential 

underlying causes for absence of robust BTV-2 virogenesis at biologically relevant infection 

titers. This finding has implications for understanding the complex interactions of vector 

competence, environmental temperature, and overall survival rates, and will contribute to our 

ability to better model and predict BTV outbreaks and incursions in the face of climate change.  

Finally, we noted that a greater proportion of midges held at 30°C demonstrated high 

BTV copy numbers, indicating increased virus production in these insects. Although we did not 

directly measure how high rates of BTV replication affected vector competence or infectious 
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titer, it stands to reason that greater virogenesis may be associated with increased BTV 

transmission and reassortment. Collectively, these findings highlight the complexities of virus-

vector interactions that underlie bluetongue ecology in North America.  
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TABLES AND FIGURES 
 

 

 

Table 4.1 – Groups of C. sonorensis Infected with BTV in Experiments 1 and 2.  
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Figure 4.1 – BTV-2 and -10 Demonstrate Similar Growth Kinetics on CuVaW3 Cells. BTV-
2 and BTV-10 one-step growth curves on CuVaW3 cells reflect similar growth kinetics between 
the two viruses in Culicoides sonorensis-derived cell line.  
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Figure 4.2 – BTV Virogenesis Occurs Rapidly in Midges Held at 30°C. BTV virogenesis is 
evident in pools of Culicoides sonorensis infected with BTV-10 and BTV-2+10 at 4 days after 
blood meal when held at 30°C. BTV-2 remains near undetectable limits across all days. Each 
point indicates a single pool of Culicoides, and ΔCt values are presented. ΔCt is calculated as the 
difference between mean BTV Ct values and cox1 Ct values for each sample. To make graphs 
more intuitive, -ΔCt values are presented. Dashed line indicates mean post-blood meal day 0 ΔCt 
across all infection groups (BTV-2, BTV-10, and BTV-2+10). Points depicted at “ND” (not 
detected), indicate undetectable BTV Ct values and were not included in linear regressions. 
BTV-2: y = -0.21x – 17.41 and R2 = 0.10; BTV-10: y = 1.43x – 19.93 and R2 = 0.43; BTV-2+10: 
y = 1.69x – 19.45 and R2 = 0.35. 
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Figure 4.3 – Productive BTV Virogenesis is Noted by Day 7 in Midges Held at 25°C. BTV 
virogenesis is evident in pools of Culicoides sonorensis infected with BTV-10 and BTV-2+10 at 
7-8 days after blood meal when held at 25°C. BTV-2 remains near undetectable limits across all 
days. Each point indicates a single pool of Culicoides, and ΔCt values are presented. ΔCt is 
calculated as the difference between mean BTV Ct values and cox1 Ct values for each sample. 
To make graphs more intuitive, -ΔCt values are presented. Dashed line indicates mean post-
blood meal day 0 ΔCt across all infection groups (BTV-2, BTV-10, and BTV-2+10). Points 
depicted at “ND” (not detected), indicate undetectable BTV Ct values and were not included in 
linear regressions. BTV-2: y = -0.18x – 18.51 and R2 = 0.17; BTV-10: y = 0.28x – 14.52 and R2 
= 0.06; BTV-2+10: y = 0.76x – 17.72 and R2 = 0.32. 
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Figure 4.4 – BTV Virogenesis is Delayed in Midges Held at 20°C Compared to Warmer 

Temperatures. BTV virogenesis is evident in pools of Culicoides sonorensis infected with 
BTV-10 and BTV-2+10 at ~15 days after blood meal when held at 20°C. BTV-2 remains near 
undetectable limits across all days. Each point indicates a single pool of Culicoides, and ΔCt 
values are presented. ΔCt is calculated as the difference between mean BTV Ct values and cox1 
Ct values for each sample. To make graphs more intuitive, -ΔCt values are presented. Dashed 
line indicates mean post-blood meal day 0 ΔCt across all infection groups (BTV-2, BTV-10, and 
BTV-2+10). Points depicted at “ND” (not detected), indicate undetectable BTV Ct values and 
were not included in linear regressions. BTV-2: y = -0.01x – 17.25 and R2 = 0.00; BTV-10: y = 
0.60x – 20.68 and R2 = 0.19; BTV-2+10: y = 0.46x – 16.96 and R2 = 0.18. 
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Figure 4.5 – Blood Meal Digestion Occurs More Rapidly in Midges Held at Warmer 

Temperatures.  Early in infection (days 2-4 post blood meal), Culicoides held at different 
temperatures demonstrate different rates of blood meal digestion, with cooler temperatures 
(20°C) associated with slower decreases in BTV copy number over early infection compared to 
high temperatures. Day 0 –ΔCt values represent mean from pools collected immediately post 
blood meal. Midges collected from all viruses (BTV-2, BTV-10, and BTV-2+10) are represented 
at each time point. Two-way ANOVA with Tukey’s post hoc was used to analyze differences 
between temperatures, with p < 0.05 considered significant.  
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Figure 4.6 – A Higher Proportion of C. sonorensis Pools are BTV-positive at 30°C. A greater 
proportion of midge pools demonstrate productive BTV virogenesis (-ΔCt values greater than 
day 0 –ΔCt value, -7.5) at 30°C compared to lower temperatures. Insects infected with BTV-2 
alone failed to demonstrate productive virogenesis regardless of incubation temperature.  
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Figure 4.7 – C. sonorensis Maintained at Cooler Temperatures Outlive Those Held at 

Warm Temperatures. Temperature affects Culicoides mortality. Survival groups (n=50 per 
group) were infected in duplicate with virus via blood meal (BTV-2, BTV-10, BTV-2+10, or 
negative) at same titers as experimental groups. Survival groups were held respective 
temperatures (20°C, 25°C, or 30°C) for the duration of the experiment and survivors were 
counted daily.  
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Table 4.2 – Viable BTV can be Isolated from Culicoides Held at All Temperatures. Pools of 
midges (n=10 per pool) were homogenized in triplicate (A, B, C) and used to inoculate BHK 21 
cells for plaque isolation at days 3, 7, 11, 15, 19, and 23 post-blood meal. Dashes (-) indicate 
replicates where no plaques were identified. Pools that produced ≥ 5 plaques are denoted by (+), 
and those that produced plaques rarely (< 5 plaques at lowest dilution) are indicated by (+/-). 
Days where no bugs were available to perform plaque assays are (n/a). 
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Figure 4.8 – Only BTV-10 is Detected in Plaques Isolated from Culicoides at Day 11 Post-

infection. Plaque genotypes from plaque isolated viruses from pools of BTV-2+10 exposed 
midges collected on day 11 post infection. Each column represents the full ten segments of an 
individual plaque. Plaques isolated from each replicate are demarcated by white margins.  
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Figure 4.9 – Only BTV-10 is Detected in Plaques Isolated from Culicoides at Day 23 Post-

infection. Plaque genotypes from plaque isolated viruses from pools of BTV-2+10 exposed 
midges collected on day 23 post infection. Each column represents the full ten segments of an 
individual plaque.  
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CHAPTER 5 – CHARACTERIZING THE GENETIC DIVERSITY OF BLUETONGUE 
 

VIRUSES CIRCULATING AMONG COLORADO RUMINANTS, 2015 AND 2018 
 

 

 

Introduction 

Bluetongue is a globally distributed, arthropod-borne disease of ruminants that is 

transmitted by Culicoides biting midges (Diptera: Ceratopogonidae). Bluetongue virus (BTV, 

family Reoviridae, genus Orbivirus), the etiologic agent of bluetongue disease, is composed of 

ten segments of double-stranded RNA (dsRNA) that encode seven structural proteins (VP1 - 

VP7) and four non-structural proteins (NS1, NS2, NS3/3a, and NS4).1–4 BTV is frequently 

classified according to serotype, which is determined by the outer capsid protein VP2 (encoded 

by segment 2). Wild and domestic ruminants – particularly sheep – infected with BTV can 

develop severe disease characterized by systemic vasculitis accompanied by mucosal ulcerations, 

facial edema, pulmonary congestion, and coronitis, among other signs.5–7 Within enzootic 

regions, ruminants may also develop clinically inapparent BTV infections.8 

There are 29 serotypes of BTV recognized worldwide, with certain serotypes circulating 

regionally based on the presence of competent vector species.8,9 Surveillance for ongoing spread 

of BTV and incursion of novel serotypes remains important, as bluetongue is an economically 

significant disease with financial losses attributable to animal sickness and death, production 

declines, and non-tariff trade restrictions.10,11 The incursion of BTV serotype 8 (BTV-8) into 

northern Europe during 2006 highlighted concerns regarding vector expansion related to climate 

change and the ongoing spread of this arbovirus.12 Total economic losses reached more than 150 

million € in the initial years of the BTV-8 outbreak with a multitude of farms and animals 

affected.10,11  
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Historically, BTV serotypes 10, 11, 13, and 17 have been considered enzootic in North 

America, with occasional reports of other, non-enzootic serotypes (1, 3, 5, 6, 9, 12, 14, 18, 19, 

22, and 24) detected in the southern United States (most commonly Florida).2,12,13 BTV-2 is also 

considered enzootic in the United States, although its range is largely restricted to Florida, where 

additional potential vectors exist (Culicoides insignis) in addition to C. sonorensis, which is the 

dominant BTV vector in North America.2,12,14–16 In 2010, BTV serotype 2 (BTV-2) was 

identified in clinically affected cattle in California but subsequent reports of serotype 2 in 

western states have been limited.17,18 

Bluetongue virus circulates seasonally across much of the United States (U.S.), including 

in states such as Colorado and Wyoming in the Rocky Mountain West.16,19–21 BTV also 

continues to expand northward into the upper half of the U.S. and into Canada, causing outbreaks 

in wild and domestic ruminants.22–24 While much work has been performed regarding seasonal 

BTV infection and vector dynamics in some parts of the country (particularly on California 

dairies) and outside of North America, our understanding of BTV seasonal transmission 

dynamics and genetic diversity across various North American ecosystems remains limited.24–34 

Colorado provides a unique ecosystem to study BTV because of its distinct winter season, varied 

elevations, aridness, and high concentration of livestock and wild ruminants across the state. 

A significant number of ruminants is infected with BTV during the summer and fall 

months but with inapparent clinical presentation, and as a result these animals are rarely 

identified due to lack of sentinel animal surveillance.25,26 Thus, while numerous studies have 

indicated that there is extensive co-circulation of BTV strains, the absence of routine sentinel 

animal surveillance across enzootic regions severely blunts our ability to track and understand 

BTV evolutionary dynamics.25,35–39 Moreover, the incursion of exotic BTV strains may go 
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undetected for extended periods of time if host animals are asymptomatic for infection, as often 

occurs in cattle.40  

Reassortment, or the exchange of genome segments between different strains of BTV, 

can occur during coinfection in the ruminant or insect host and is a major contributor to BTV 

genetic diversification and evolution.35,38,41–47  Reassortant viruses are frequently identified and 

can be important agents of disease outbreaks, even in BTV-enzootic regions.48–56 However, 

diagnosis and surveillance for BTV is often based upon serology and sometimes serotype-

specific PCR assays targeting segment 2, both of which fail to provide complete information 

about the remaining nine segments of genomic RNA. Thus, extensive reassortment likely goes 

undetected with traditional diagnostic methods.  

Previous groups have investigated BTV genetic diversity in Colorado using a Sanger 

sequencing-based approach to analyze a limited subset of BTV segments (2, 7, and 10) in 

ruminants and Culicoides insects collected in Colorado during the 1980s and 1990s.20,21 While 

White et al. found evidence of reassortment in their isolates, they determined that analysis of 

only three of the ten BTV genome segments was insufficient to characterize BTV 

epidemiology.20 More recently, several groups have used whole genome sequencing (WGS) to 

study BTV, both in lab and in field studies.2,8,35,52 The application of WGS permits simultaneous 

identification of all ten segments of genomic RNA, thereby facilitating detection of reassortment 

and mutations and providing a finer-resolution perspective on BTV genetic diversity. Field 

studies of BTV have demonstrated reassortment among BTV strains, but are often limited by 

opportunistic sampling strategies that, by their nature, most commonly sample BTV from overtly 

ill animals. Thus there is substantial BTV circulation that contributes to the overall genetic 

repertoire of the virus, but likely goes undetected with traditional sampling techniques. Our 
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understanding of naturally occurring BTV reassortment in North America, therefore, remains 

limited.  

Here, we apply a cross-sectional and sentinel animal survey coupled with WGS to 

understand BTV transmission dynamics and genetic variability in the state of Colorado across 

one field season. We also describe the detection of non-enzootic BTV serotype 3 (BTV-3) in a 

nonclinical sentinel animal, corroborating reports that BTV-3 may be widely circulating in North 

America.2 We compare the findings of our sentinel animal surveillance with opportunistic 

sampling of clinically ill, BTV-infected sheep from Colorado three years after our initial field 

study and demonstrate that this type of sampling method may fail to capture the majority of BTV 

genetic diversity present in the region. Additionally, we describe the presence of at least one 

exotic BTV segment among 2018 isolates. These findings contribute to our overall 

understanding of the genetic diversity of BTV in the Rocky Mountain states and highlight the 

role that sentinel animal surveillance plays in characterizing the ongoing evolution of BTV in 

North America.  

Materials and Methods 

Sentinel animal surveillance, 2015 

A total of 150 calves from five dairy herds were enlisted from December 2014 to March 

2015 and tested until December 2015. These dairies represented a longitudinal transect of five 

geographically distinct regions of the state (Figure 5.1). Monthly collections of serum and whole 

blood from each calf were analyzed respectively by BTV-specific cELISA (VMRD, Pullman, 

WA), BTV qRT-PCR assays, and serotype-specific qRT-PCR assays. Positive BTV qRT-PCR 

samples were isolated for BTV on bovine pulmonary artery endothelial cells (BPAEC) and 

samples were processed for whole genome sequencing (WGS). Dams of calves that were virus-
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positive by qRT-PCR at initial sampling were also evaluated by cELISA for serological evidence 

of BTV infection (seroconversion). All sentinel surveillance work was approved by the Colorado 

State University Institutional Animal Care and Use Committee (15-5975A) and performed in 

accordance with institutional regulations. Producer consent was obtained for each site prior to the 

initiation of animal work.  

Surveillance of clinically diseased animals, 2018 

During the fall of 2018, numerous sheep along the Front Range of Colorado developed 

signs of bluetongue disease, and whole blood samples were submitted to the CSU Veterinary 

Diagnostic Laboratory (CSU-VDL) for diagnosis. Clinical signs ranged from relatively mild 

(facial and aural edema) to severe (death). BTV and serotype-specific qRT-PCR were performed 

to confirm BTV infection. Positive whole blood samples with Ct values of <30 were used for 

virus isolation on Culicoides cells (CuVaW3 cell line, USDA-ARS, Manhattan KS) and 

successfully isolated samples were sequenced using WGS.57  

Nucleic acid extraction and qPCR 

 Nucleic acid was extracted from whole blood samples using MagMAX Pathogen 

RNA/DNA kit (Applied Biosystems, Foster City, CA) according to manufacturer’s instructions. 

Extracted material was then used to screen each sample for BTV using a universal quantitative 

RT-PCR assay that detects BTV segment 10 (NS3).58 Reverse transcription and qRT-PCR were 

carried out with SuperScriptTM III One-Step qRT-PCR kit (Invitrogen, Carlsbad, CA) at half-

reaction volumes and were thermocycled as previously described.58 

Serotype-specific qRT-PCR was performed on samples found to be BTV-positive. 

Reaction conditions and reagents were the same as those described above, except serotype-

specific primers and probes targeting segment 2 were used.59  
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Cell culture and virus isolation 

 Whole blood samples that were BTV-positive by qRT-PCR were then prepared for virus 

isolation on bovine pulmonary artery endothelial cells (BPAEC) or CuVaW3 cells. Whole blood 

was diluted in sterile water to lyse cells and then centrifuged at 1,500 rpm for 10 min at 4°C to 

pellet debris. Supernatant was collected and diluted further in Eagle’s Minimum Essential 

Medium (EMEM) and then 1 ml of diluted blood was used to inoculate a confluent monolayer of 

BPAEC or CuVaW3 cells. Virus and cells were incubated for 1 hr at 37°C (BPAEC) or 27°C 

(CuVaW3) and then inoculum was removed and cells were washed once with phosphate 

buffered saline solution (PBS, pH 7.4). BPAEC maintenance media (10% heat-inactivated fetal 

bovine serum (FBS), 50,000 U penicillin, 50,000 µg streptomycin, 1% non-essential amino acids 

in Advanced MEM) or CuVaW3 maintenance media (modified from Wechsler et al., Appendix 

1) was then added and cells were incubated at 37°C with 5% CO2 (for BPAEC) or 27°C without 

CO2 supplementation (for CuVaW3).60 

For viruses isolated on BPAECs, cells were harvested when cytopathic effect (CPE) was 

evident. If CPE did not develop within 7 days, cells and media were harvested and used to 

inoculate a fresh flask of confluent BPAEC cells. This was repeated for 3-4 passages, after which 

virus isolation attempts were discontinued if CPE did not develop.  

 Conversely, for viruses isolated on CuVaW3 cells – which do not develop CPE when 

infected with BTV – qRT-PCR was used to track BTV Ct values during the course of infection 

and virus was harvested when Ct values had dropped into the mid-20s, indicating productive 

virogenesis. CuVaW3 virus isolation was performed in triplicate. For successful isolates, virus 

was harvested and aliquoted in 1 ml vials and stored at -80°C until downstream analysis.  
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Whole genome sequencing 

 Samples that were successfully cell culture isolated were subsequently prepared for 

whole genome sequencing (WGS). Nucleic acid was extracted from isolates using MagMAX 

Pathogen RNA/DNA Kit according to manufacturer’s instructions for low cell content samples. 

Following extraction, samples were treated with 2-4 U of DNase in 0.1 volume buffer (TURBO 

DNA-freeTM Kit, Thermo Fisher, Waltham, MA), followed by a 0.5 - 1 hr incubation at 37°C. 

DNase was inactivated with 0.2 volumes of inactivation reagent and centrifuged (10,000 x g for 

1.5 min) at room temperature. Supernatant was then collected and treated with LiCl to reach a 

2.0 M final concentration so as to selectively precipitate single-stranded RNA (ssRNA). Samples 

were incubated for 16-18 hours at 4°C and then centrifuged (18,000 x g at 4°C for 20 min) to 

pellet ssRNA before collecting supernatant. Remaining salt was removed using a 1.25x 

MagMAX Pathogen RNA/DNA Kit clean-up.  

 Sample libraries were prepared for WGS using ScriptSeq v2 RNA-seq library preparation 

kit (Epicentre, Madison, WI; for 2015 samples) or KAPA RNA HyperPrep kit (KAPA 

Biosystems, Basel, Switzerland; for 2018 samples). Library preparations were carried out per 

manufacturer’s instructions, with the following exceptions: 1) for libraries prepared with the 

ScriptSeq v2 kit, the initial fragmentation time was reduced to 1 min 30 sec at 80C, and 2) for 

libraries prepared with the KAPA RNA HyperPrep Kit, all reagents and samples were used at 

half-reaction volumes. Unique indices (ScriptSeq Index PCR Primers from Epicentre, or KAPA 

Dual-indexed Adapters from KAPA Biosystems) were annealed to each sample library. 

Following amplification, the concentration of each sample was measured using Agilent’s D1000 

ScreenTape Assay on the 2200 TapeStation System (Agilent, Santa Clara, CA). Samples were 

pooled according to molarity of inserts in the 300-800 base pair (bp) range and product was 
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fractionated on a 1% agarose gel. Library inserts of the desired size (300-800 bp in length) were 

excised from the gel and purified using the QIAquick Gel Extraction kit (Qiagen, Hilden, 

Germany). Pooled, size-selected libraries were then screened for concentration and quality using 

the D1000 ScreenTape assay and KAPA Library Quantification Kit (KAPA Biosystems) as 

specified by the manufacturer. Pools of 15-20 samples were sequenced on the Illumina NextSeq 

instrument using mid-output 300 cycle NextSeq v2 reagents (Illumina Inc., San Diego, CA). 

Sequencing and bioinformatics pipeline 

 Samples were demultiplexed and raw reads were entered into a pre-processing 

bioinformatics pipeline that used TrimAL(for ScriptSeq libraries) or trimmomatic (for KAPA 

RNA HyperPrep libraries) to remove bases and sequences with low quality scores, as well as 

adapter sequences.61,62  Cd-hit was used to eliminate duplicate reads where two or more reads 

had ≥ 96% pairwise identity in the first and last 30 base pairs.63 Following initial processing 

steps, reads were iteratively aligned using Bowtie2 with default parameters to a database of 

unique GenBank BTV sequences to generate the consensus sequences of all ten segments for 

each sample.64 Consensus sequences were visually inspected in Geneious v.10.2.2 to confirm 

alignment accuracy. 

For samples isolated in triplicate (2018 clinical sheep samples), consensus sequences 

from each replicate were generated in the same way as above. As isolates did not show sequence 

variation across replicates, sequences from triplicate samples were collapsed into a single, 

representative consensus sequence for each segment, which was then used for downstream 

analyses.  

In cases where samples had <100% coverage of the coding region of all ten BTV 

segments, de novo assembly of contigs was performed using SPAdes.65 Contigs were then 
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analyzed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and mapped to the consensus 

sequences generated by the previous step using Geneious v.10.2.2 to fill gaps in sequence data.  

Phylogenetic analysis 

 Successfully sequenced isolates with sufficient coding region coverage across all ten 

segments were subsequently analyzed to determine the genetic relatedness of Colorado isolates 

to each other and to other enzootic and non-enzootic North American BTV isolates (Table 5.1). 

Consensus sequences were trimmed to remove 5’ and 3’ untranslated regions (UTRs) and then 

were aligned using the MUSCLE plugin in Geneious v.10.2.2. Trees were prepared for each 

segment alignment using HYK genetic distances with 1,000 bootstrapping replicates and EHDV-

1 (GenBank: MF600026-35) as the outgroup.66 Nodes with >70% support were considered 

statistically supported.  

Results 

Sentinel animal surveillance demonstrates widespread seasonal circulation of bluetongue virus 

in Colorado ruminants 

Of the 150 calves screened for BTV infection during the 2015 field season, 28 became 

BTV PCR positive and seroconverted over the course of the season. Despite this significant 

prevalence, none of the cattle that were screened during this time demonstrated signs of disease.  

 Serial screening of calves demonstrated peak BTV Ct values from September to 

November, with maximal seroconversion by November. After initial detection of BTV infection 

via qRT-PCR, calves remained PCR-positive for up to three months, which was the end of the 

study (December, 2015).  

 BTV serotype was determined by segment 2-specific qRT-PCR. The predominant 

serotype circulating in subclinical cattle and sheep that were sampled in 2015 was BTV-17. Four 
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of the five enzootic BTV serotypes (10, 11, 13, and 17) were detected by qRT-PCR, and for 

viruses that were successfully isolated, serotype was confirmed via WGS. No overt co-infections 

were detected via serotype-specific qRT-PCR.   

Considerable genetic diversity is present among bluetongue viruses circulating in Colorado 

sentinel ruminants 

To better understand the genetic diversity of BTV circulating in sub-clinically infected 

Colorado ruminants, we used WGS to obtain sequence data across all ten BTV genome segments 

for viruses that were successfully isolated in cell culture.  

 Virus from 10 BTV-positive whole blood samples had sufficient sequencing output for 

further analysis. A novel bioinformatics pipeline was used to compile contigs and determine the 

genetic identity of each isolate across all ten segments. Isolates generally clustered into clades 

with other enzootic BTV isolates in constructed phylogenies, with some isolates (CO4 and 8; 

CO13 and 15) remaining nearly identical across all 10 genome segments. While CO4 and CO8 

were isolated from two different calves at the same site, CO13 and CO15 were isolated from 

animals from geographically distinct sites. Moreover, certain Colorado isolates shared high (CO4 

and CO8, >99.8% and CO18, >99.6%) nucleotide identity across all ten segments with historical 

BTV isolates from California (identified as BTV-17 CA 1988 and BTV-10 CA 1952 ATCC VR-

187 in our phylogenies, respectively).  

Despite the occasional appearance of these apparently stable BTV genotypes, Colorado 

isolates showed relatively marked diversity across segments, with variable degrees of shared 

nucleotide identity among isolates (Table 5.2), likely indicating the occurrence of reassortment 

as well as differing rates of genetic drift across segments. Consistent with their function as outer 

capsid proteins and antigenic determinants, segments encoding VP2 and VP5 (segments 2 and 6, 
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respectively) showed the greatest overall variation in nucleotide identity between Colorado 

isolates, while segments 5 and 9 (encoding NS1 and VP6/NS4, respectively) shared the highest 

identity within this subset of samples (Table 5.2).     

While serotype-specific qPCR did not identify coinfections of any sentinel animals, WGS 

data indicated at least one animal (CO12) with probable BTV coinfection. Segments 2, 6, and 10 

had complete or near-complete sequence data for more than one distinct segment genotype 

(Figures 5.3, 5.7, and 5.11).  

2018 BTV isolates from clinically affected sheep show relatively less diversity than 2015 isolates 

Twelve clinical sheep from different sites along the Front Range of Colorado were 

screened and found to be BTV-positive by qRT-PCR during the fall of 2018. None of the herds 

from which samples were submitted reported a history of BTV vaccination. Serotype-specific 

qRT-PCR successfully identified BTV serotype for 10 of 12 samples; two samples with high 

BTV NS3 qRT-PCR Ct values could not be detected by the serotype assay. Of these samples, 

nine were identified as BTV-17 and one sample was serotyped as BTV-11. Eight whole blood 

samples had Ct values <30 and were considered candidates for virus isolation, of which five 

were successfully isolated.  

 We then performed WGS to better understand the genetic diversity of BTV circulating 

during the 2018 field season. All five sequenced samples were identified as BTV serotype 17, 

confirming the results of serotype-specific qRT-PCRs for each of these samples. Overall, 2018 

samples were related to 2015 Colorado isolates, although many 2018 viruses shared higher 

nucleotide identity with BTV isolates from Texas rather than 2015 Colorado isolates (Figures 5.2 

– 5.11). Four of the five BTV isolates from clinical sheep were nearly identical (≥ 99.8%) across 

all segments, despite geographical distance between farms where isolations were made. 
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Segments 5 and 9 shared high identity among all isolates from both 2015 and 2018 and were 

highly similar across time points.  

Reassortment is readily apparent among field isolates, although spatio-temporal relationships 

do not reveal clear lineages of reassortants 

Reassortment events seem to play a clear role in the genetic variability detected among 

Colorado isolates from 2015, and to a lesser extent, 2018. Isolates frequently demonstrated high 

identity between certain segments, while other segments were much more distantly related. CO2, 

for instance, shared >96% identity with CO13 and CO15 across nine segments, but only 68.2% 

similarity in segment 2. Similarly, CO3 appears to be composed of common, Colorado-enzootic 

segments 3, 5, 9, and 10; however, segments 2, 4, 6, and 8 were more closely related to BTV 

isolates from Florida. Importantly, WGS results from this sample identified CO3 as BTV-3, an 

exotic serotype. 

 In the same way, reassortment was evident among isolates from 2018, albeit to a lesser 

extent. Most strikingly in this group of viruses, CO421 shared high identity with other 2018 

isolates across segments 1 and 2, but was much more distantly related in other segments, 

especially segments 7 and 10. CO421 segment 7 was most closely related to an exotic segment 

from Guatemala (BTV-18, GenBank acc. KY092034) previously detected in Texas in 2008 

(BTV-12, GenBank acc. KX164085), indicating probable reassortment. Interestingly, isolates 

SEW, ICE, 127, and 212 shared high segment 10 identity with 2015 Colorado isolates, while 

CO421 remained clustered with Texas isolates, most likely due to additional reassortment events.   

While reassortment and single-nucleotide mutations are evident among Colorado isolates, 

2015 and 2018 Colorado isolates were monophyletic across segments 1, 3, 5, and 9.   
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Discussion 

Supporting the findings of other recent reports, we detected a reassortant, exotic BTV 

serotype 3 circulating in at least one of our sentinel animals.2 While our BTV-3 isolate 

demonstrated evidence of reassortment with regionally circulating bluetongue viruses, it 

clustered with Florida BTV-3 isolates in segments 2, 6, and 8. This contrasts with the probable 

lineage of other recently identified BTV-3 isolates detected outside of Florida, which are 

considered to have originated from Central American/Caribbean strains.2   

The sentinel calf from which BTV-3 was isolated did not have clinical signs. BTV-3 has 

not been subsequently detected in Colorado, indicating that this serotype may be circulating 

silently or that it is only present at very low levels in the region. Clarke et al. found that BTV-3 

caused relatively mild disease in experimentally infected white-tailed deer, and it is possible that 

BTV-3 may be less frequently detected in the U.S. due to its more mild disease phenotype.67  

Additionally, population dynamics dictate that it is difficult for novel genotypes to 

become established in endemic regions due to the abundance of well-established virus strains, 

making it unlikely for an exotic virus to supplant circulating strains unless it confers a marked 

fitness advantage.20,68 Thus, BTV-3 may currently be outcompeted by enzootic BTV viruses in 

North America. However, given that host antibody responses are predominantly targeted towards 

BTV’s VP2 outer capsid protein (encoded by segment 2), it would seem likely that novel 

serotypes would have a competitive advantage in enzootic locations due to the lack of 

neutralizing antibodies present at the population level. However, we have yet to detect evidence 

of increased BTV-3 circulation in Colorado after the initial detection of this exotic serotype, 

indicating that there may be some combination of surveillance, environmental, host, and viral 

factors that temper BTV-3's detection or expansion in the U.S.  
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We found that the majority of sheep with clinical bluetongue disease submitted to the 

CSU-VDL in the fall of 2018 had evidence of infection with BTV-17. Despite its enzootic 

nature, BTV-17 is commonly associated with disease outbreaks in North America.19 Similar to 

the findings of White et al., we detected relatively high nucleotide identity within segment 2 

(98.5-100% NI between 2015 and 2018 BTV-17 isolates), but more substantial genetic 

differences between these 2015 and 2018 viruses in segments 7 (92.5-95% NI) and 10 (82.9-97% 

NI), likely indicating reassortment of these segments.20 In their work on the evolution of BTV in 

Europe, Nomikou et al. found that segments 2, 6, 7, and 10 were often dissociated between 

isolates across time, and our results corroborate these findings.35  

Opportunistic sampling of clinically affected sheep may underestimate regional BTV 

genetic diversity compared to that observed during sentinel animal surveillance. In contrast to 

our 2015 sentinel animal findings, four of five 2018 BTV isolates had nearly identical sequences 

across all ten segments. While isolates from 2018 appeared to be composed of largely enzootic-

derived segments, there were clear genetic signatures distinguishing 2018 BTV isolates from 

those collected in 2015. This may represent the introduction of divergent BTV strains from other 

parts of the U.S., or may indicate the accumulation of nucleotide variants across the span of 

several years. It is possible that the difference in method of isolation between 2015 and 2018 

caused an artefactual appearance of genetic drift in our more recent isolates. However, this is 

unlikely, as partial sequence data from WGS performed directly from whole blood of at least one 

sample showed consistent sequences from input virus and isolated virus (data not shown) and 

studies have indicated that insect-cell versus mammalian-cell culture isolation of BTV results in 

minimal changes to the consensus sequences.69  
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We found evidence of reassortment and significant genetic diversity among BTV isolates 

recovered in 2015, indicating that we likely underestimate the degree of reassortment and influx 

of new segments in this region with common opportunistic sampling strategies. Given 

Colorado’s robust livestock population and high concentration of feedlots, the potential for 

introduction of BTV viruses from other areas remains high, and this may be reflected by the 

relatively diverse viral genotypes detected in our sentinel animals.70 However, in both 2015 and 

2018, Colorado isolates were monophyletic across segments 1, 3, 5, and 9. This correlates with 

findings from Nomikou et al., who identified segments 1, 3, 4, 5, 8, and 9 as having similar 

times-to-most-recent-common-ancestor in their extensive analysis of European BTV evolution.35 

It is uncertain and not well established if these specific segments are linked in evolutionary space 

by RNA interactions, protein interactions, host- or vector-derived factors, or some combination 

thereof.  

These findings demonstrate the importance of robust BTV sentinel surveillance strategies 

across North America, as significant genetic diversity appears to go undetected with routine, 

opportunistic surveillance. In addition, the results of our study reinforce the utility of WGS in 

BTV surveillance programs to detect the occurrence of low-frequency, exotic segments that may 

contribute to reassortment and the overall genetic diversification of BTV in otherwise enzootic 

areas. Additional factors may influence BTV diversity in North America warranting further 

investigation include the role of the vector, environmental and meteorological determinants, and 

vertebrate immunity and community composition.  
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TABLES AND FIGURES 
 
 
 

 
 
Figure 5.1 – Map of Colorado Isolates by Site. BTV isolates from 2015 sentinel work are 
indicated by blue circles, while clinical isolates are indicated in orange. The size of the circle 
indicates the number of isolates per location.  
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Table 5.1 – Sample IDs. Ten samples were isolated from sentinel cattle in 2015, and five 
samples were isolated from clinically affected sheep in 2018. CO12 had near-complete 
sequences for more than one serotype-defining segment; this sample was ultimately assigned as 
BTV-10 as this segment had the greatest % coverage compared to the other two serotypes 
detected.  

Isolate ID 

 

Year of Isolation Species Serotype 

BTV3 Colorado 2015 CO3 (CO3) 2015 Bovine BTV-3 

BTV17 Colorado 2015 CO4 (CO4) 2015 Bovine BTV-17 

BTV11 Colorado 2015 CO5 (CO5) 2015 Bovine BTV-11 

BTV10 Colorado 2015 CO7 (CO7) 2015 Bovine BTV-10 

BTV17 Colorado 2015 CO8 (CO8) 2015 Bovine BTV-17 

BTV10 Colorado 2015 CO12* (CO12) 2015 Bovine 
BTV-10 
BTV-11 
BTV-17 

BTV17 Colorado 2015 CO13 (CO13) 2015 Bovine BTV-17 

BTV13 Colorado 2015 CO14 (CO14) 2015 Bovine BTV-13 

BTV17 Colorado 2015 CO15 (CO15) 2015 Bovine BTV-17 

BTV10 Colorado 2015 CO18 (CO18) 2015 Bovine BTV-10 

BTV17 Colorado 2018 CO127 (CO127) 2018 Ovine BTV-17 

BTV17 Colorado 2018 CO212 (CO212) 2018 Ovine BTV-17 

BTV17 Colorado 2018 CO421 (CO421) 2018 Ovine BTV-17 

BTV17 Colorado 2018 COICE (COICE) 2018 Ovine BTV-17 

BTV17 Colorado 2018 COSEW (COSEW) 2018 Ovine BTV-17 
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Table 5. 2 – Colorado Isolates Share Higher Identities in 2018 than 2015 across All Segments. The mean pairwise identity and 
range for each segment are shown for different groups assessed in this study. The first row shows mean nucleotide identities among 
isolates from 2018 (n = 5); the second row shows the same data for 2015 isolates (n = 10).  

 

 
 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

% Identity: 

CO 2018 
99.4% 

98.5-100% 
99.5 

98.7-100% 
99.2 

98.1-100% 
97.9 

94.9-100% 
98.6 

96.4-100% 
98.8 

97.0-100% 
96.8 

92.1-100% 
98.5 

96.3-100% 
97.8 

94.6-100% 
93.4 

83.5-100% 

% Identity: 

CO 2015 
97 

92.3-100% 
68.7 

48.8-100% 
96.4 

93.4-100% 
96.6 

88.2-100% 
98.2 

96.6-100% 
85.4 

70.9-100% 
90.8 

78.6-100% 
96.5 

88.7-100% 
97.5 

95.2-100% 
89.9 

82-100% 
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Figure 5.2 – Segment 1 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(3909 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. GenBank 
accession numbers of non-Colorado isolates are included in parentheses.  
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Figure 5.3 – Segment 2 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence (cds) alignments 
(2880 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. BTV10 
Colorado 2015 CO12 demonstrated coinfection (sequences aligning to distinct segment 2 
sequences from this isolate are depicted with asterisks). Segment 2 reads from CO12 had 100% 
of BTV-10 segment 2; 97% coverage of BTV-17 segment 2 (gap from nucleotide 938-1120); and 
93% coverage of BTV-11 segment 2 (gap from nucleotide 1616-1685). GenBank accession 
numbers of non-Colorado isolates are included in parentheses.  
 
 
 
 
 
 
 



165 
 

 
 
Figure 5.4 – Segment 3 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(2706 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported.  
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Figure 5.5 – Segment 4 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(1935 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. GenBank 
accession numbers of non-Colorado isolates are included in parentheses.  
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Figure 5.6 – Segment 5 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(1659 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. GenBank 
accession numbers of non-Colorado isolates are included in parentheses.  
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Figure 5.7 – Segment 6 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(1581 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. BTV10 
Colorado 2015 CO12 demonstrated coinfection (sequences aligning to distinct segment 6 
sequences from this isolate are depicted with asterisks). Both segment 6s that CO12 reads 
aligned to had 100% cds coverage. GenBank accession numbers of non-Colorado isolates are 
included in parentheses.  
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Figure 5.8 – Segment 7 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(1050 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. GenBank 
accession numbers of non-Colorado isolates are included in parentheses.  
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Figure 5.9 – Segment 8 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(1065 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used 
as the outgroup. Nodes with >70% support are considered statistically supported. GenBank 
accession numbers of non-Colorado isolates are included in parentheses.  
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Figure 5.10 – Segment 9 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates are 
depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments (990 
bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used as the 
outgroup. Nodes with >70% support are considered statistically supported. GenBank accession 
numbers of non-Colorado isolates are included in parentheses.  
 

 
 
 
 
 
 
 
 
 
 
 



172 
 

 
 
Figure 5.11 – Segment 10 Phylogenetic Tree. 2015 isolates are shown in blue; 2018 isolates 
are depicted in orange. Neighbor-joining trees were prepared from coding sequence alignments 
(690 bp) using HKY genetic distances with 1,000 bootstrapping replicates. EHDV-1 was used as 
the outgroup. Nodes with >70% support are considered statistically supported. BTV10 Colorado 
2015 CO12 demonstrated coinfection (sequences aligning to distinct segment 10 sequences from 
this isolate are depicted with asterisks). Both segment 10s that CO12 reads aligned to had 100% 
cds coverage. GenBank accession numbers of non-Colorado isolates are included in parentheses.  
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CHAPTER 6 – CONCLUSION  
 
 
 

 Bluetongue virus remains an economically important, re-emerging disease threat 

throughout North America and worldwide. Persistent knowledge gaps regarding its evolution and 

ecology have hindered our ability to effectively predict and prevent outbreaks. Moreover, climate 

change is expected to continue to reshape the distribution of bluetongue virus (BTV), likely 

accelerating the rate of BTV incursions and the introduction of non-enzootic serotypes into new 

regions.  

 The research presented here builds upon previous work to offer a unique perspective that 

takes into account both the evolutionary traits of this virus as well as ecological factors that 

influence its evolution. We applied a number of sequencing technologies and experimental 

approaches to answer specific questions about BTV’s overall genetic stability and viral 

population structure both in vitro and in vivo.  

 First, we leveraged a well-characterized in vitro system to determine how BTV’s 

alternating-host transmission cycle impacts the occurrence of genetic variation within a single 

virus strain across passages. Using whole genome sequencing to detect the occurrence and 

frequency of single-nucleotide variants (SNVs), we applied several specific measures to 

understand the viral population dynamics at play in our system. Our findings demonstrate that 

the BTV genome remains highly genetically stable, even when passaged exclusively in 

invertebrate cells.  

 Given our findings of the remarkable genome stability of a single virus strain, we next 

queried how reassortment might affect BTV’s evolution. Again, we applied an in vitro system 

and novel sequencing approaches to understand reassortment between BTV-2 and BTV-10. Our 



180 
 

results indicate that reassortment occurs readily between these two strains. However, global 

shifts in segment frequencies arise across passages, possibly indicating a preferred virus 

backbone. Despite the segment-specific trends that arose, it is interesting to note that measures of 

effective diversity (which were based on individual plaque genotypes and thus likely 

underestimated the true diversity detected via metagenomic sequencing) significantly increased 

during the course of coinfection. This is in contrast to the findings of our first chapter, where 

measures of population complexity were essentially unchanged across passages. Although these 

estimates of diversity are not directly comparable, these findings nevertheless allude to the 

prominent role that reassortment likely plays in BTV’s evolution. 

 We then used these same viruses to investigate how incubation temperature might affect 

virogenesis and reassortment in Culicoides sononensis, the predominant BTV vector in North 

America. Unexpectedly, we found that BTV-2 generally failed to infect midges unless 

introduced at very high titers, highlighting the complexities of virus-vector interactions and their 

role in modulating arbovirus expansion. We also detected temperature- and virus-specific effects 

on midge survival, which is significant for our understanding of BTV ecology and will help 

refine forthcoming predictive modeling efforts.  

 Finally, we explored the genetic diversity of BTV isolates circulating among ruminants 

along the Front Range of Colorado using whole genome sequencing. Due to the large livestock 

and wildlife populations in Colorado, this region provides an ideal geospatial location for BTV 

surveillance. In addition to detecting evidence of reassortment, we identified exotic serotype 3 in 

at least one cow with inapparent BTV infection in 2015, as well as the presence of other exotic 

BTV segments in isolates collected in 2018. These findings underscore the necessity of sentinel 

animal surveillance and the vital importance of whole genome sequencing to capture the true 
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complexity and considerable genetic diversity of bluetongue viruses circulating in North 

America. 

 In addition to investigating the impact of temperature on BTV reassortment between 

strains that are equally infectious to C. sonorensis, future work should explore the myriad other 

factors that affect virus-vector-host interactions. The mechanistic unknowns of BTV 

reassortment following coinfection and the RNA- or protein-based interactions that permit or 

limit the generation of successful reassortant progeny also warrant further investigation. On a 

broader level, the roles that host immunity, RNAi, host community structure, coinfection with 

other viral species, and microbiome composition play in shaping BTV’s evolution should also be 

investigated.  
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APPENDIX 1 – CUVAW3 MAINTENANCE MEDIA 
 
 
 

Maintenance media for CuVaW3 cells was prepared from a modified recipe based off 

that described by Weschsler et al., courtesy of recommendations from collaborators at USDA-

ARS in Manhattan, KS.1,2  

 Add the following to 1 liter of HyClone cell culture grade water:  

  24.5 g powdered Schneider’s Drosophila Media 

0.4 g sodium bicarbonate 

  0.06 g L-glutamine 

  0.006 g reduced glutathione 

  0.03 g L-asparagine 

  0.45 U bovine insulin* 

  2.1 g sodium hydroxide pellets 

0.6 g calcium chloride 

 Adjust pH to ~6.7 with 12.1 N HCl 

 Sterile-filter solution with 0.22 µm vacuum filter 

 Add 15% heat-inactivated, insect-cell tested fetal bovine serum 

  

*Bovine insulin was not used for CuVaW3 cell culture described in Chapter 2. 

1.  Wechsler SJ, McHolland LE, Tabachnick WJ. Cell lines from Culicoides variipennis 
(Diptera: Ceratopogonidae) support replication of bluetongue virus. J Invertebr Pathol. 
1989;54:385-393. 

2.  McHolland LE, Mecham JO. Characterization of cell lines developed from field 
populations of Culicoides sonorensis (Diptera: Ceratopogonidae). J Med Entomol. 
2003;40(3):348-351. doi:10.1603/0022-2585-40.3.348. 
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APPENDIX 2 – AMPLICON ASSAY PRIMERS  
 

 
 
Appendix 2 – Amplicon Assay Primers. Round 1 amplicon assay, BTV-specific primer 
sequences and concentrations. Final primer cocktail concentration (in µM) is shown for each 
primer.  

 Sequence µM  

S1_560F TCC AGG GGA ATA GAG ATT TAT C 0.12 

S1_1033R TCG TGC GAG CCY AAW TTT TG 0.12 

S2_1210F TGG CGA TGT KTA CTT YAC MTT GCG 0.11 

S2_1601R GCA TCY TTY TCG AAA TCG ATT GTA AG 0.11 

S3_2282F TMC AGT TYC GAG CGG CTT TAA G 0.10 

S3_2684R GAG CGA TTG GGT GAT GTC CA 0.10 

S4_1484F TCG TGG GCG ATG AAT TTT GCT 0.08 

S4_1961R TCA CCT AGC AGT CAC GCA TTA TAA G 0.08 

S5_177F TCG ATG ATY GCA GCA ACT GAT G 0.08 

S5_587R TGT GCT GTC CAC GAA TGC CAA 0.08 

S6_715F TAG GCG GCR TCW GAA GAA GTG 0.10 

S6_1099R YGG GAT CTT AAA YYT CAT CAT YAC 0.10 

S7_246F TTT TGG ACC GAT ATC GCC AGA 0.05 

S7_701R TGT CCA TCC CAC GCT ATA ATG C 0.05 

S8_594F TTG GAT GAW GAG GCC AAA GAG AT 0.09 

S8_1048R CTT AGA GAC AAA AGC AAC ACG CT 0.09 

S9_455F TAC GGT ACG AAG ATT GAT GTT TAC AG 0.09 

S9_902R TTC CAA TGC GGA TCT CCA GTT G 0.09 

S10_184F TAA ATY CTG GAC AAA GCG ATG TC 0.07 

S10_549R ACT YTT TGC GCA AAC CAT CAT CA 0.07 
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TruSeq adapter tags sit upstream of forward and reverse primers: 

Forward: CTA CAC GAC GCT CTT CCG ATC [BTV-specific primer sequence, from table] 
Reverse: CAG ACG TGT GCT CTT CCG ATC [BTV-specific primer sequence, from table] 
Second round dual-index PCR primers.  

i7 primer: CAA GCA GAA GAC GGC ATA CGA GAT [8-mer barcode] C AGA CGT GTG 
CTC TTC CGA TC 
i5 primer: AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG TTC TCT TAC A [8-mer 
barcode] CTA CAC GAC GCT CTT CCG ATC T 
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APPENDIX 3 – BOWTIE2 PARAMETERS USED FOR AMPLICON ANALYSIS 
 
 
 

cmd="bowtie2  

 -x $bt_index 

 -q 

 -1 $f1  

 -2 $f2 

 -D 120 

 -R 60 

 -X 600 

 --rg-id 1 

 --rg SM:1 

 --local 

 --qc-filter 

 --score-min C,160,1 

 --no-unal 

 --no-mixed 

 --maxins 700 

 --time 

 --al-conc ${output_prefix}.conc_hits.fastq 

 --threads 24 

 
 
1.  Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 

2012;9(4):357-359. doi:10.1038/nmeth.1923. 
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APPENDIX 4 – TITERS AND CT VALUES, PASSAGES 1-7 
 
 

 
 

 

 

 

Appendix 4 – Titers and Ct Values, Passages 1-7. 50% tissue culture infectious dose (TCID50) across passages and replicates is 
shown on the left hand panel, and BTV segment 10 Ct values across passages and replicates is shown on the right. Figures related to 
material presented in Chapter 3.  



187 
 

APPENDIX 5 – COMPARATIVE EFFICIENCIES OF BTV VS COX1, RT-PCR 
 

 

 
 

 
 

Appendix 5 – Comparative Efficiencies of BTV vs Cox1, RT-PCR. Comparative efficiencies 
of BTV and Culicoides mitochondrial cytochrome oxidase 1 gene (cox1) qRT-PCR after DNase 
treatment. Ten-fold dilutions were prepared of a pool of BTV-infected midges, and each dilution 
was screened in triplicate for each target. Linear regressions and R2 values were prepared using 
Graph Pad Prism 8.0. Figure relates to material presented in Chapter 4.  
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APPENDIX 6 – MODIFIED AMPLICON ASSAY PRIMERS  
 

 
 
Appendix 6 – Modified Amplicon Assay Primers. Round-one PCR of amplicon assay, BTV-
specific primer sequences and concentrations. Final primer cocktail concentration (in µM) is 
shown for each primer.  Primer concentrations for day 11 propagated plaques (D11) and day 23 
propagated plaques (D23) are shown. Relates to material presented in Chapter 4.  

 Sequence D11, µM D23, µM  

S1_560F TCC AGG GGA ATA GAG ATT TAT C 0.13 0.12 

S1_1033R TCG TGC GAG CCY AAW TTT TG 0.13 0.12 

S2_1210F TGG CGA TGT KTA CTT YAC MTT GCG 0.10 0.11 

S2_1601R GCA TCY TTY TCG AAA TCG ATT GTA AG 0.10 0.11 

S3_2282F TMC AGT TYC GAG CGG CTT TAA G 0.08 0.10 

S3_2684R GAG CGA TTG GGT GAT GTC CA 0.08 0.10 

S4_1484F TCG TGG GCG ATG AAT TTT GCT 0.08 0.08 

S4_1961R TCA CCT AGC AGT CAC GCA TTA TAA G 0.08 0.08 

S5_177F TCG ATG ATY GCA GCA ACT GAT G 0.13 0.08 

S5_587R TGT GCT GTC CAC GAA TGC CAA 0.13 0.08 

S6_715F TAG GCG GCR TCW GAA GAA GTG 0.13 0.10 

S6_1099R YGG GAT CTT AAA YYT CAT CAT YAC 0.13 0.10 

S7_246F TTT TGG ACC GAT ATC GCC AGA 0.08 0.05 

S7_701R TGT CCA TCC CAC GCT ATA ATG C 0.08 0.05 

S8_594F TTG GAT GAW GAG GCC AAA GAG AT 0.08 0.09 

S8_1048R CTT AGA GAC AAA AGC AAC ACG CT 0.08 0.09 

S9_455F TAC GGT ACG AAG ATT GAT GTT TAC AG 0.10 0.09 

S9_902R TTC CAA TGC GGA TCT CCA GTT G 0.10 0.09 

S10_184F TAA ATY CTG GAC AAA GCG ATG TC 0.08 0.07 

S10_549R ACT YTT TGC GCA AAC CAT CAT CA 0.08 0.07 

 


